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INTRODUCTION
Hay harvesting systems prevalent in 1969 present several restrictions
to the increased use of alfalfa as a high quality cash crop. Corn and
soybean harvest result in a high-value, low-volume product with relatively
low dry matter losses in the field. Forage harvest, by comparison, pro
duces a low-value, high-volume product with relatively high dry matter
losses. An alternative forage harvesting system to that of mowing, raking,
field drying, baling, and the subsequent bale handling, is that of leaf
harvesting.
The justification for the leaf harvesting system lies in the high
feed value and low fiber content of the alfalfa leaf as compared with the
stem. Kohler and Chrisman (18) investigated the composition of the alfalfa
plant after it was chopped, dried, and separated into its leaf and stem
fractions. They found that the leaves contain about 62 percent of the
protein, 32.8 percent of the fiber, 70.9 percent of the carotene, and most
of the xanthophyll of the whole plant. The stems contain the remaining
amounts of protein, carotene and xanthophyll and most of the fiber content.
It therefore seems desirable to develop the concept of harvesting only the
leaves and leaving the stems to generate a new crop of leaves for future
harvest.
By using a system which harvests only the leaves, it would be possi
ble to eliminate the dependence upon weather and its influence upon
harvesting time and duration. After the leaves are stripped from the
stems in the field, they could artificially be dried to the desired
moisture content. The dried leaves could then be processed, using either
a pelleting machine or a wafering machine. The desired moisture content
would depend upon the processing system being used; 8-10 percent moisture,
wet basis, for pelleting, and 15-20 percent moisture, wet basis, for
wafering. Hence, the resulting product would be a low-volume, high-quality
alfalfa package, harvested in a one-pass operation. With the system, the
end result is similar to corn or soybeans, with comparable, if not greater
economic and food value.
Currence (9) and Ayres (3) have developed a leaf stripper capable
of harvesting leaves from the growing plant. The harvested leaves con
stituted 35 to 45 percent of the total dry matter yield of the whole plant.
Alfalfa pelleting and wafering devices are commercially available. The
item needed to complete the leaf harvesting system is a continuous flow
dryer. Most current alfalfa dryers are of the large drum dehydrator type.
These dehydrators rely upon heated air from a furnace to dry chopped
alfalfa as it is passed through a rotating drum. The size and cost of
these dryers needed for economic operation limit their use to stationary,
commercial operation.
A dryer suitable for inclusion in the leaf harvesting system has
several requirements:
1. It should be a compact unit; one which would be adaptable
for field use.
2. The drying process should be continuous and uniform, allowing
for a continuous flow of alfalfa leaves from the stripper to
the pelleting or wafering device.
3. The drying process should be of high efficiency and short
time, in order that the fuel requirements be low and the
drying chamber be small.
4. The drying process should be adaptable to automatic control,
resulting in a uniformly dry end product.
A fluidized dryer would satisfy the first three requirements.
Whitney and Hall (32) have considered the fluidixed drying process as
one in which the drying medium consists of a mixture of combustion gases
and air at lOOO^F or higher. A dryer of this type, in which the material
is suspended in the hot gas-air stream, would be adaptable to the drying
of alfalfa leaves. The leaf with a large surface area compared to its
thickness, presents a low resistance to moisture movement out of the leaf.
Additionally, the geometric proportions of leaves are such that they have
a low resistance to moisture movement out of the leaf. One of the im
portant principles in the operation of a fluidized dryer is that the
material is dried while being suspended in the hot gas-air stream.
Automatic control of the drying process would result in accurate
and sensitive control of the drying medium. A fuel such as liquid propane,
whose heat of combustion is utilized in accomplishing drying, can be
accurately and sensitively metered to provide the temperature control
needed to accomplish uniform drying.
The discussion of drying concepts has thus far been general. The
design of a specific dryer involves its configuration, that is, how is
the use of a liquid propane flame best employed to result in high
efficiency drying using fluidization concepts? The dryer that is the
subject of this thesis is a horizontal, fluidized dryer. Its basic con
figuration is that of a long, narrow L-P gas flame extending down a long
circular duct. Air from a fan is blown past the burner to provide (1) air
for combustion, and (2) excess air necessary to pneumatically convey the
leaves down the duct. The alfalfa leaves would be injected Into the duct
Lo bf: conveyed pasit the flame. Drying is accomplished by providing a
high vapor pressure difference between the leaf and the drying medium,
which results in a rapid migration of moisture out of the leaf and its
subsequent evaporation. The heat necessary to evaporate the moisture is
transferred to the leaves from the flame, from the hot products of com
bustion, and from the heated excess air. The length of the duct would be
designed such that when the leaves reach the end of the duct they have
reached the desired moisture content for wafering or pelleting. A cyclone
separator would be utilized to separate the leaves from the airstream.
OBJECTIVES
The objectives of this study were:
1. To design and construct a stationary, pilot model horizontal
fluidized dryer.
2. To evaluate the use of the various concepts involved in this
dryer, including pneumatic conveying, burner design, and heat
transfer, in order to obtain operating characteristics and
design parameters.
3. To draw conclusions from these tests as to the feasibility
of this particular type of dryer in drying alfalfa leaves.
LITERATURE REVIEW
Alfalfa Is an agricultural product which, by its physical properties,
must be dried in order to be efficiently processed and safely stored.
The alfalfa plant is at 70 to 80 percent moisture content, wet basis, at
harvest time. For safe storage, it must have a moisture content of 15 to
20 percent, wet basis. Since the amount of moisture to be removed between
harvest and storage is so large, interest and work in artificial means
for drying hay has been intense over the years.
The historicial development of hay drying in the U.S.A. and abroad
has been well documented in work done by Lamouria (20) and Hunt (15);
therefore, the review of literature for this study will include only
certain developments in this field including the following:
1. Current alfalfa drying methods and their disadvantages with
respect to the further development of alfalfa harvesting.
2. Developments in alfalfa drying which directly relate to the
horizontal fluidized dryer.
Current Alfalfa Drying Methods
Hay drying methods in current use may be divided into two broad
categories;
1. Stack or mow drying done primarily on farms.
2. Alfalfa dehydration employed primarily in commercial operations.
Stack or mow drviniz
Ball (5) has described stack or roow drying as a situation in which:
"The hay is cut and allowed to partially dry in the field
until the moisture content is from 30 to 50 percent. It is then
placed in a mow or stack where air is blown through it until the
moisture content is low enough for safe 8torage--usually below
20 percent
Unless the hay is harvested before the moisture content reaches 30 percent,
high dry matter losses occur. Zink (33) reported that the leaf loss from
alfalfa hay during handling was found to range from 10 to 65 percent at
moisture contents of 28 to 32 percent. Carotene losses may be substantial
when the hay is subjected to prolonged exposure to the sun as it cures in
the field.
On the other hand, if the hay is harvested and mow or stack dried
with unheated air at moisture contents substantially above 30 percent,
excessive losses occur while the hay is in storage. Ball (5) stored
chopped alfalfa hay in a stack at 47 percent moisture content while forc
ing unheated air through it. After 300 hours of drying much of the hay
had molded. Stored hay must be dried to about 20 percent moisture in 42
hours or less to prevent mold formation (29) .
The points in favor of mow or stack drying are that it may be done
on the farm using existing buildings, and the drying equipment is rela
tively inexpensive. Hall (12) reported that in 1956 the price for
equipment and installation for a forced air drying system, using existing
buildings, was approximately $1000. The power cost for drying 30 percent
moisture hay with forced unheated air is about $1.50 per ton of dry hay.
The points against this type of drying are that losses occur, and that a
long time is required to accomplish drying.
Alfalfa (Ir-hydr.'itlon
Hall (12) defined alfalfa dehydration as Che drying of chopped
alfalfa hay in a rotary drum or conveyor at temperatures above 212°F,
drying the hay from 75 percent to 5-8 percent moisture content, wet basis.
Hall (12) described the general operation of most alfalfa dehydrators in
operation today:
"Most alfalfa dehydrators are of the rotary drum type
consisting of a (I) single or (2) multiple drum. These units
are usually 8 to 12 feet in diameter and 30 feet long with an
output of approximately one ton per hour of dry meal. Temp
eratures of up to 1700°F are used in the dehydrators used
for preparation of alfalfa meal. The air, including products
of combustion, dries the hay, and leaves the opposite end of
the drum at about 250°F. In these units the speed of the drum
should be slow enough that the centrifugal force of the alfalfa
does not hold it against the inside of the drum. Baffles are
used to make the alfalfa fall through the stream of hot air.
One long drum makes up the drying chamber of the single drum
unit. The multiple drum unit has the same apparent construction
from the outside, but consists of three concentric drums which
are used to obtain three different drying conditions.
*'In the rotary drum about one-half of the heat loss occurs
from radiation and leakage and the remainder of the loss is in
the exhaust and hay."
Dehydrators are known as direct dryers, since the products of com
bustion are forced through the product along with the drying air (12).
Combustion of the fuel takes place in a furnace about four feet
in diameter and 12 feet long. The furnace is separate from the drying
drum, and the hot gases are pulled into the drum by the stack fan, located
at the opposite end of the drum. The fuel normally used is either fuel
oil or natural gas. Hall (12) reported that 60 to 70 gallons of fuel oil
or 8000 to 10,000 cubic feet of gas are required for each ton of alfalfa
me-nl produced. Figure I shows a modern alfalfa dehydrator plant, built
by M-E-C Company of Neodesiia, Kansas.
N
O
F
ig
u
re
1
.
M
od
er
n
a
lf
a
lf
a
d
e
h
y
d
ra
ti
o
n
p
la
n
t
10
Alfalfa dehydrators produce a high quality product, alfalfa meal,
which is usually pelleted. Dependence upon weather for any crop curing
is eliminated, and thus, losses attributable to processing are greatly
reduced. Shepard (26) reported that dehydrated alfalfa hay retained
94 percent of the leaves, 90 percent of the dry matter, 81 percent of the
protein, and 23 percent of the carotene. This compares with barn cured
hay which retained 73 percent of the leaves, 80 percent of the dry matter,
75 percent of the protein, and only six percent of the carotene. As
shown by the data, which were taken after storage, considerably more
losses occur in barn cured hay than in dehydrated alfalfa.
The major disadvantage to dehydration of alfalfa hay is the cost
of equipment and of operation. It was reported by the Northern Natural
Gas Company (2) that the most common new plant installation is a dehydrator
which has a capacity for evaporating 18,000 pounds of water per hour.
This plant is rated at three tons per hour of dried meal output. The
plant equipment and associated cost required in such an operation are
shown in Table 1. The total costs of operation for the above system
are shown in Table 2.
These costs are high because of the drying characteristics of chopped
whole alfalfa. Lamouria (20) stated that:
"The removal of moisture is dependent upon two factors;
(1) the difference in vapor pressure between the moisture
in the pores of the forage and the surrounding air, and
(2) the rate of diffusion of the internal moisture to the sur
face."
In dehydrating chopped whole hay, the controlling factor in the rate
of removal of moisture is the difference in vapor pressure as stated above,
which in turn is affected by the rate of heat transfer to the hay particle.
11
Table 1. Equipment and costs for an average alfalfa dehydrator plant
I tem Estimated Cost (1967)
Feeder and apron $ 11.000
Dryer 55,000
Hammermi11 7,400
Material handling system 15,000
Pellet mill 12,000
Boiler 4,000
Screens, cooler, scale, and 5,000
miscellaneous equipment
Electrical controls 3,000
Erection and installation 12,000
Total $124,000
Table 2. Alfalfa dehydrator operating costs
Item Basis Approximate cost (1967)
Cost/Ton Total Cost
Alfalfa Season average of $14/ton $14 .00 $100,800
Labor 7 employees (3 $1.65/hr. 3 .85 27,720
Natural gas for 28 Mcf/hr. @ 40c/Mcf 3 .73 26,880
dehydrating
Power 410 HP, 807o LF, 1.5c/kwh. 1 .55 11,160
and oil Average of $4.50/hr. 1 .50 10,800
Maintenance Average of $5,25/hr. 1 .75 12,600
Annual fixed costs Annual cost of $61,900 8 .60 61,900
Inert gas 3,000 ton storage at .42 3,000
$1.00/ton stored
Anti-oxidant Average cost of 50c/ton .50 3.600
Total $35 .90 $258,460
12
Whitney (30) reported that the drying rate of wood is governed by heat
transfer rather than diffusion when the wood particle is less than one-
fourth inch thick. Chopped alfalfa hay is geometrically similar to the
wood mentioned above, with the stems being on the order of O.i inch
in thickness, and the leaves being about 0.01 inch in thickness (32),
It may be concluded that, as stated by Lamouria (20):
"Since the heat of vaporization For moisture removed
from the plant is almost equal to the heat of vaporization
for water, it follows that the capacity of the dryer is
dependent upon total moisture evaporated, and only slightly
affected by the quantity of dry material entering."
Large differences in vapor pressure are needed to evaporate the
large quantities of water contained in freshly cut alfalfa. In order
to achieve these vapor pressure differences, the hay roust be exposed
to drying air of high temperature for a period of time. For example,
18,500 pounds of water must be evaporated per hour to produce three tons
per hour of dry alfalfa meal. If a five minute holding time in the drum
dehydrator is required, 500 pounds of dry matter is in process in the
drum at any time. The physical size of a drum necessary to process this
amount of hay is large. Mechanical means for rotating the drum are needed
to provide adequate exposure of the hay to the drying air. Combustion
chambers, controls, and pelleting machines add to the total cost of the
dehydration plant. The physical requirements of a dehydration plant,
to;4ether with the cost of fuel for drying, make alfalfa dehydration an
expensive venture.
Both the stack drying system and the dehydrator are large sta
tionary units, which require a large holding chamber to dry the hay. An
alternative hay drying system would be a portable unit, which is adaptable
13
for rifclfi Ayrcfl and Buchele (4) suggested a system in which alfalfa
leaves are stripped from the stems in the field, and fed immediately
into drying and packaging units. The finished product would be either a
wafer or a pellet, depending upon the packaging unit used. This process
should result in relatively low nutrient losses from the alfalfa.
The alfalfa leaf has long been recognized as containing most of the
feed value of the plant. Hall (12) reports that the alfalfa leaves con
stitute as much as 50 percent of the total weight of the whole plant, 70
percent of the protein, and 90 percent of the carotene. The nutrients in
the leaf are more readily available for digestion than those of the stem.
Sotola (27) reports that a given weight of leaves was almost 3.57 times
as efficient in supplying digestible protein as the same weight of stems.
The leaves are also easier to dry than the stems. Whitney and
Hall (32) reported the following;
"The water in the leaf is by far easier to remove since,
among other factors, the smallest dimension of the leaf is of
the order of 0.01 inch, while that of the stem is approximately
equal to 0.1 inch. Since the time required to heat a particle
to a given temperature varies approximately as the square of the
least dimension, theoretically it would take about one hundred
times as long to heat the stem to the same temperature as the
leaf. Thus, the speed of leaf drying will be higher than for
the whole plant."
Since the leaf presents such good possibilities, separate from the stem,
why has a leaf harvesting system not been developed? The primary reason
seems to be the problem of separating the leaf from the stem. Currence (9)
and Ayres (3) have both experimented with the development of a field leaf
stripper, with encouraging results. Their leaf-strip harvester was a
modified hay conditioner. The stripping action was obtained by fastening
rubber mats with finger-like projections to the upper roll. The standing
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plants were bent backwards by a belt draper, and entered the stripping
rolls head first. Ayres and Buchele (4) reported these results:
"up to 40 percent of the dry matter yield of the
alfalfa plant was collected with the leaf harvester.
"A harvesting system including two leaf harvests and
one stem harvest per cutting yielded 60-90 percent more
dry matter per acre than a conventional harvesting system.
"The stripped leaves had a higher protein content
and a lower fiber content than the whole plant."
Leaf regrowth patterns were also investigated by Currence (9), Ayres (3)
r
and Whitney (30). Their reports are encouraging in that Ayres (3) found
that as many as six leaf harvests may be obtained in one growing season,
as compared with only three whole plant harvests.
Kohler and Chrisman (18) reported a different method for separating
the leaf from the stem. This involved drying the chopped whole plant
in a conventional dehydrator, and employed a differential milling machin-.
and screens to separate the leaves from the stems. This system would not
seem applicable to field operation in that a large stationary dehydratoi'
is necessary to dry the chopped whole hay. Kumar (19) investigated the
possibility of threshing leaves from alfalfa which tiad been sun cured in a
swath. He fotind that all the leaves could be separated at a maximura of
36 percent moisture content of plants in the swath. This process involves
dependence upon the weather for drying. Due to rainy weather during his
tests, two to four days were required to cure the alfalfa. As a result,
the carotene and vitamin A contents of the threshed material were too low.
The system most applicable to complete harvesting and field process
ing of alfalfa seems to be that of stripping the leaves from the stems
in the field, and processing only the leaves. The development of a drycL*
15
applicable to fast, efficient drying of the leaves is discussed in the
next section of this literature review.
Developments Pertaining to the Horizontal Fluidized Dryer
Certain developments in the history of the alfalfa drying employ
concepts which are particularly applicable to the drying of alfalfa leaves
Josephson (16) reported that in 1929, Arthur Koon developed a drying
system which was described as follows:
"Chopped hay is fed into a blower fan, which also draws
hot gases from the furnace. The gases enter the dryer at
1000 degrees. The material is blown through an insulated
pipe in contact with the hot gases, and discharged into a
cyclone collector, which in turn delivers the material to a
second fan together with another charge of hot furnace gases.
This process was repeated six times, there being six fans and
six collectors. Pipes lead from all but the first collector
back to the furnace for recirculation of the drying medium.
The hay passes through the dryer in about 45 seconds. The
capacity of the Koon dryer has been found to be from one to
one and one-half tons of dried hay per hour, when the hay
was allowed to lie in the swath five to six hours before
loading
This system was a departure from the drum dehydrator in that the
hay was conveyed pneumatically through the whole system, while being
in intimate contact with the hot gases. Again, as with the drum dehy-
drators, a large equipment outlay is involved plus a large horsepower
requirement, 150 horsepower, to operate the ensilage cutter and to drive
the six fans. The characteristics of this type of dryer would seem to
make it quite applicable to the drying of leaves. Alfalfa leaves are
a homogeneous product, which can be pneumatically conveyed and dried more
uniformly than a mixture of leaves and stems. In 1929 leaf harvesting
was not being investigated, and therefore dehydration developments
16
through the following 30 years were primarily in improving the drum
dehydrator In the drying of the chopped whole alfalfa plant.
In the early 1960*8 with the advent of research in leaf stripping
devices, work in adapting a dryer to handle these leaves was begun.
Whitney and Hall (32) initiated research in developing a dryer applying
fluidization concepts to dry leaves. His concept was that of suspending
alfalfa leaves in a vertical hot air stream to dry them. As the leaves
lose moisture they become less dense, their vertical terminal velocity
drops, and they are transported vertically out of the drying chamber by
the air. Whitney's (32) work included investigations of the physical prop
erties of alfalfa leaves and of birdsfoot trefoil. Using these properties
as a basis, he then determined the design parameters for a fluidization
drying system. Some of his conclusions were the following:
1. Alfalfa leaves can be effectively dried in a high
temperature air stream; damage to the leaf occurs
at air temperatures above 500®F before drying is
complete. If the leaves are moved out of regions of
these high temperatures before damage occurs, drying
can be successfully completed. Damage was found to be
in two forms:
a. "A visible charring of the perimeter while
the inner areas remain in a green, wilted, partially
dried state."
b. "A relatively uniform moisture removal over
the entire leaf area to as nearly a bone dry state as
possible, after which continued exposure to high tem
perature results in dry matter loss with subsequent
breakdown of nutritive compounds in the product." (32)
17
"Leaves dried at a temperature of SOOop for 15
seconds and removed from the drying medium at 25
percent moisture content, dry basis, showed desirable
color filtration, indicating a preservation of the
nutrients in the product." (32)
The relationships between drying time and moisture
content for temperatures up to 819®F were obtained. At
700*^ the leaves were dried to about 12,5 percent moisture
dry basis, before the leaves charred.
2. The second conclusion, as stated by Whitney (32), was the
following:
"Particle behavior can be predicted based on studies
of the sphericity of the leaf. Variations in moisture
content have been explored and the particles, in spite of
substantial shrinkage, exhibit nearly constant character
istics over the entire range of moisture contents."
Although the sphericity remained the same, the density of
alfalfa leaves did vary for different moisture contents.
This density is related to its terminal velocity. Fresh
alfalfa leaves were found to have a terminal velocity of
71 ft./min., whereas dried leaves had a terminal velocity
of 47 ft./min. Thus, as a leaf is dried, it becomes
lighter, and will be pneumatically conveyed more easily.
This fact must be considered in the design of a drying
tower.
Whitney, Agrawal, and Livingston (31) investigated an additional
factor in the drying of alfalfa leaves. They found that drying the leaf
when the stomata were open resulted in significantly faster drying rates
than when the stomata were closed. They also obtained additional infor
mation on drying rates at temperatures higher than those originally
18
investigated by Whitney (32). They found at 1400°F an alfalfa leaf was
dried according to this equation (stoinata 1/2 to fully open):
M-Mg (U
^ = 1.155 e-*^56G
Mo - Me
Where: M = Moisture content, dry basis, percent
Mq = Initial moisture content, dry basis, percent
Me = Equilibrium moisture content, dry basis, percent
0 = Time, seconds
e = Natural log base
Since Mt: is found to rapidly approach zero at temperatures above 250°F (12),
it was therefore neglected in calculating the moisture content ratio.
Leaves dried at a temperature of 1400°F, were found to reach a moisture
content of about 34 percent, dry basis, in about two seconds.
Ronning (25) investigated some further possibilities in the develop
ment of more efficient alfalfa dehydration processes. He proposed a dryer
similar to that of Koon's in that it dries the hay while pneumatically
conveying it down a long pipe. His proposal was as follows:
Hay is injected using a disintegrator into a hot gas stream
which conveys the material down 150 feet of 30 inch diameter pipe.
The material is reduced to 35 to 40 percent moisture content at the
end of the pipe, where the temperature is 500°F. The material
then goes through a 90 degree elbow into a disintegrator which
injects it into a vertical pipe 20 to 30 feet high, and 38 inches
in diameter. This pipe acts as a pneumatic separator in which
the dry material is lifted out, and the wet overweight material
falls Into an offset cone at the base of the separator. The dry
19
hay then enters a negative pressure collector, and feeds into
the pellet mill. The stack gases from the collector are re
circulated through the system. Drying with this system is
completed in less than ten seconds, and the process is uniform.
With a three ton per hour capacity, only 16.6 pounds of dry hay
are present in the total system.
The pneumatic separator described by Ronning is similar to Whitney's fluid
ized dryer,
Ronning (25) conducted tests of this pneumatic dehydration process
using bleached wood fiber as the material. He described the tests as
follows:
"The system consisted of a 700°F hot gas input to a
30 inch diameter tube 150 feet long. The material was
injected into the gas stream at the furnace outlet by a
hammermill. The material wheel fan was ten feet downstream
of the injector and the system terminated in a cyclone
collector which directly feeds an automatic baler. The
average production rate was 2.1 tons per hour of air dry
(35 percent) stock which dictates an evaporation rate of
4,920 pounds of water per hour.
"The average gas velocity through this system is
4000 ft./min. allowing a gas heat transfer time of
2.25 seconds. The system has three 90 degree elbows which
will slow down the material to approximately 2000 ft./min.
average. This allows a 4.5 second material heat transfer
t ime."
Most present dehydration systems rely mainly upon convective heat
trflnsCer to heat the alfalfa in order to accomplish drying. Ronning (25)
calls attention to the fact that a certain amount of lieat transfer to the
aJfalCa occurs in the form of radiation. He notes that the greatest
amount of rcidiation heat transfer occurs in the region of a luminous
flamt?. An .-jdvantage of radiation heat transfer is that the radiant heat
20
will penetrate to the center of hay particles. Ronning (25) further
statos that:
"A small amount of center heating would force the
moisture from the center and tend to keep the surface wet.
This prevents so-called 'case-hardening'. There have been
recent reports that hay dried with some radiant heat pellets
easier. The hay dried with convective heat is probably
having some of the sugar burned on the surface. This
reduces the percentage of bonding material available for mak
ing a good pellet."
Ronning continues by proposing a drum dehydration system in which
a low percentage of excess air is provided which results in a luminous
flame extending through the drum. The luminous flame would provide for
some radiant heating thus accelerating moisture migration. The only
disadvantage of this system is the heat loss due to incomplete combustion.
Pryor* proposed that by substituting liquid propane for fuel oil
or natural gas in alfalfa dehydration systems, a flame can be obtained
which extends through the drying drum. The combustion of natural gas
exiting from a nozzle tends to be completed close to the nozzle, resulting
in a short, widely dispersed flame. This is due to rapid mixing of the
gas with air and subsequent combustion. MacSporran and Pryor (21) de
scribed a fuel oil flame as being confined close to its burner where oil
atomization and vaporization take place. They also described liquid
propane combustion in a rotary kiln for drying aggregate as follows:
"The liquid propane stream vaporizes rapidly when it
leaves the burner and comes into contact with the impinging
primary air stream which surrounds it. Diffusion of the
outer layer of gas with air begins immediately to form a
combustible mixture along the periphery. As the propane
expands the combustible mixture increases in volume and
*Pryor, Robert C., Bartlesville, Oklahoma. Information about liquid pro
pane conversion of alfalfa dehydration. Private communication. 1967.
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vhen ignited, a substantial flame appears.
'Vith the introduction of secondary air, induced by the
stack fan, combustion begins with the outside layer of gas-air
mixture and extends into the core of the propane vapor stream
as more gas-air mixing occurs. Combustion is complete only
when the propane elements have united with all the air they
need. Thus complete combustion of propane will occur close to
or away from the burner depending on the rate and completeness
of gas-air mixing."
In regard to the characteristics of the propane flame, MacSporran and
Pryor (21) have this to say:
"It should be understood that most of the heat utilized
in the drying and heating process is well inside the drum,
closest to where the evaporation takes place....To move the
heat one way or the other is to change the flame length. The
flame is shortest when combustion is completed closest to the
burner, which occurs when the primary air is the maximum
required. The flame is longest when the rate of diffusion
of the gas and air is slowest, that is when the primary air
is the least required. An additional effect of decreasing
the air supply is that a more luminous flame is obtained.
The brighter flame has more radiant energy than the all-blue
flame, desirable in the drying process."
Several dehydrators have been converted to liquid propane operation.
Their efficiencies were reported to be almost doubled after the conversion
to liquid propane. These dehydrators formerly used fuel oil. Pryor*
cited these statistics from one plant showing the improvement in quality
of the dehydrated alfalfa meal when the dryer was converted to using
liquid propane. (Sec Table 3)
The amount of radiation involved in the drying process is difficult
to determine, since the parameters-hay and flame temperatures, distances
an<l emissivities-are constantly changing during the drying process. Some
work lias been done in drying hay by radiation alone. Person and
*Pryor, Robert C., Bartlesvilie, Oklahoma. Data from alfalfa dehydrators.
Private communication. 1967.
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Table 3, Effect of type of drying upon quality of alfalfa meal
Flame Dried Hot Air Dried
(liquid propane)
Qufi 1ity of Carotene 195,000 125,000
(USP units)
Percent fiber 22.4 27.0
A1falfa Meal Percent protein 19.4 17.0
Sorenson (24) investigated the drying of hay with infrared radiation.
Their work included the drying of thin layers of alfalfa hay on a tray
by exposing the alfalfa to an infra-red radiation source. Four different
sources were used in the tests, three electrical and one gas-fired. The
radiation sources had wavelengths of from 1.15 to 5.0 microns. Their
results showed that the higher the radiation intensity and the longor the
exposure period for each source, the greater the rate of moisture removal.
The 3.0 micron source emitted radiation which resulted in the highest rate
of moisture removal. The actual intensities of the radiation sources were
not reported. Person and Sorenson did report that the intensities were
varied by varying the distance between the radiation source and the liay.
They also reported that at the highest intensity, the 3.0 micron sourco
was placed at seven inches above a black-body thermopile, and resulted in
an average temperature rise of 150'^F. At this intensity, about ten per
cent of the moisture was removed from the alfalfa hay in approximately one
minut<!. The capacity of this apparatus was found to be about 3.38 pounds
per liour per square foot, with an efficiency of 15.6 percent.
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To Hhow how ihc* rcaulLH of this work might apply to the radiant
hc^aL transfer expected using a propane flame exposed to alfalfa, one must
consider the increased radiant intensity of the propane flame. MacSporran
and Pryor (21) reported that the maximum flame temperature expected using
liquid propane is 3595°F. The 3.0 micron radiation source used by Person
and Sorenson (24) was calculated to have a temperature of approximately
560°F. Assuming that both the propane flame and the 3.0 micron radiation
source are black bodies (€ = 1.0), and that both have similar wavelength
characteristics, their relative intensities could be calculated as follows
The Stefan-Boltsman law, which defines the total amount
of energy radiated by a black body source at temperature T, is
stated as follows:
W= «-T^ (2)
r\
Where W = Total radiant energy emitted, BTU/ft. -hr.
«•= Constant = 0.17122 x 10*^ BTU/hr. - ft.2 - (OR)^
T = Absolute temperature, °R.
1) Propane flame, Tj = 3595 + A60 = 4055°R
Wi = 462,000 BTU/hr. - ft.^
2) 3.0 micron source, T2 560 + 460 = 1020°R
W2 = 1847 BTU/hr. - ft.^
Jp- = 231
W2
The propane flame would theoretically be expected to heat alfalfa
leaves 231 times as fast as the 3.0 micron radiation source. This would
result in a greatly increased rate of drying over that obtained by
Person and Sorenson (24).
It is thus the hypothesis of this author that the combination of
radiant heat transfer and of convective heat transfer, utilized in a
24
continuous flow dryer, would result in a short-time, high efficiency drying
system for alfalfa leaves. Due to the fast drying time, the size of the
drying chamber would be relatively small. Such a drying system, which is
small enough and which dries the product continuously and uniformly, would
be applicable for field use behind a leaf stripper.
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THEORETICAL CONSIDERATIONS
The basic design for the overall dryer is shown schematically in
Figure 2. The operation of the dryer may be briefly described as follows
1. The blower A provides air for the system to satisfy two
requirements;
a. A sufficient volume of air to provide for the combustion
of the propane.
b. Air of sufficient velocity to pneumatically convey the
leaves down the duct, after overcoming the pressure
losses in the ductwork.
2. The air is blown vertically through duct B to the 90® elbow C,
where the air direction is changed to horizontal through
duct D.
3. The air flows past the burner nozzle E. The propane is
ejected from the burner nozzle and mixes with the air.
The flame is ignited and extends into the dryer duct G.
4. The alfalfa leaves are injected into the airstream through
the material injector F. The injector must prevent ex
cessive pressure losses from the airstream by not letting
air blow back through the injector.
5- The leaves are accelerated to a velocity sufficient to
pneumatically convey them down the dryer duct. The leaves
intermingle with the flame, with the hot gases of combustion,
and with the heated excess air. The heat transferred to the
leaves by radiation and convection drives out the moisture
F
r
e
s
h
le
a
v
e
s
F
la
m
e
-
A
l
f
a
l
f
a
le
a
v
e
s
-
A
i
r
E
x
h
a
u
s
t
g
a
s
e
s
D
r
ie
d
le
a
v
e
s
4
\
\
\
\
\
\
\
W
W
W
W
W
\
\
^
\
\
\
\
^
S
V
W
W
x
w
w
w
w
n
n
n
n
n
F
ig
u
re
2
.
S
c
h
e
m
a
ti
c
d
ia
g
ra
m
o
f
h
o
ri
z
o
n
ta
l
fl
u
id
iz
e
d
d
ry
c
n
N
3
J
T
26
from the leaves and evaporates it.
6. The leaves are separated from the airstreara by the cyclone
collector H. The length of the dryer duct must be such
that the leaves are partially dried when they enter the
cyclone collector. Some drying may occur in the cyclone.
The final moisture content should be about 15 to 20 percent.
7. The dry leaves exit from the cyclone H at the bottom, and
the exhaust gases, water vapor, and air leave the cyclone
at the top.
The design of the equipment for this dryer involves two major theo
retical considerations; (1) pneumatic conveying of a material through an
enclosed duct> and (2) flame propagation in the duct to provide the neces
sary heat transfer characteristics with respect to the air, leaves and
duct wall.
Pneumatic Conveying
Materials are conveyed pneumatically by a fluid as a result of the
drag force exerted by the moving fluid upon the surface of the material.
The equation which defines this force is known as Stokes' law:
D=^ O)
Where D = Drag force, pounds
Cti = Drag coefficient, dependent upon the surface characteris
tics of the particle, dimensionless.
p = Density of the fluid, lbm./ft.3
A = Projected frontal area, ft.^
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V = Velocity of the fluid, ft./sec.
g = Acceleration of gravity, = 32»2 ft./sec.^
The units given for the density , are in Ibm./ft.-^, One Ibm. is
that mass which when subject to the earth's gravitational pull exerts a
forcc: of one pound. The numerical value of specific weight in lbs./ft.^
is the same as the density in Ibm./ft.^ where the acceleration of gravity
is equal to 32.2 ft./sec.Equation 3 is applicable only to the case
of a single particle free from contact with other particles, and in which
the projected area of the particle is constant. In order that the particle
be conveyed vertically in an airstream, the drag force on the particle
must be greater than the weight of the particle.
The situation in which a number of particles are being conveyed
in a horizontal duct involves a more complicated solution than Stokes'
law. The additional variables which affect the force upon a particle in
this situation are as follows:
1. The random rotation of the particles in the airstream,
resulting in a variable projected frontal area.
2. Variations in the size and weight of the particles.
3. Forces upon a particle caused by the friction of this particle
in contact with other particles.
4. Since the direction of flow is horizontal, the force necessary
to convey the particle will be less than its weight. However,
additional resistance is encountered which is the friction
between the duct wall and the particle.
These variables are difficult to define mathematically. Purely
Clieorc-tical equations describing the motion of a great number of particlcs
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are virtually impossible to obtain in a practical form; that is, equations
which can be applied directly to the design of any pneumatic conveying
system. The work that has evolved in the study of pneumatic conveying has
been primarily that of deriving equations from experimental data. These
equations are each applicable to a specific pneumatic conveying situation.
Henderson and Perry (14) described three general types of pneumatic
conveying systems:
1. Suction systems have the blower mounted at the downstream end
of the system pulling air from the cyclone stack through the
pipe. These systems operate at below atmospheric pressure.
2. Low pressure systems use high velocity, low pressure air
which enters through a fan at the inlet of the system.
3. High pressure systems use low velocity high density air,
which is induced by a positive displacement blower to
provide the high pressure.
The system designed for the horizontal fluidized dryer, is the low
presssure system. The following design information pertains to this
system.
The pertinent information necessary for the design of a low pressure
pneumatic conveying system is the following:
1. Velocity and air flow rate.
2. Pressure drops of the air flow which occur In the system.
Velocity and flow rate of air
Alden (1) reported the recommended conveying velocities for several
materials. These data are shown in Table 4. His recommendations for air
flow rates are shown in Table 4.
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Table 4. Velocities for low pressure pneumatic conveying
MiJterial
Wood flour
S awdus t
Pulp chips
Cork, ground
Cotton
Velocity, it ./niin.
from
4000
4000
4500
3500
4000
to
6000
6000
7000
5500
6000
Air flow rate,
lb. - air/lb. materi a 1
from to
15-20 3S-50
Once the air volume rate and velocity have been determined, the duct
size is fixed. The cross-sectional area of this duct must allow the volume
of air to flow at the required velocity.
Pressure drops
The duct size having been determined, the next requirement is the
blower size necessary to deliver the required volume rate of air. The most
commonly used type of blower for a low pressure system is the centrifugal
fan. This type of fan delivers large volumes of air at low to moderate
pressures; these pressures range up to approximately 14 inches of
wa ter (14).
The pressure drops which occur in a pneumatic conveying system result
from several conditions:
1. Air pressure loss in pipe and fittings
2. Material-pipe friction
3. Material-air friction
4. Material-material friction
5. Material acceleration
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6. Miscellaneous losses due to cyclones, tees and material injectors
The air pressure loss in the pipe and fittings can be calculated
using fluid mechanics theory, and empirical equations derived for special
situations. The air pressure losses which will be discussed are those
which occur when air alone is being passed through the duct.
One oC the most widely used equations for the pressure loss in a
straight duct is Darcy's equation:
Where p = Pressure loss, lbs./ft.^
f = Friction factor, dimensionless
L = Length of the duct, feet
D = Diameter of the duct, feet
Density of the air in Ibm./ft.
V = Air velocity in ft./sec.
S = Acceleration of gravity = 32.2 ft./sec.^
The friction factor is an experimentally determined coefficient which
is dependent upon the surface characteristics of the duct, and upon the
Reynold's number of the air flow in the duct. Moody (22) has obtained a
group of curves which show the relationship between the friction factor
and the Reynold's number for various types of duct material for a smooth
steel duct, such as that used for most pneumatic conveying applications,
the friction factor is in the range from 0.008 to 0.04, depending upon the
value of tlie Reynold's number. The Reynold's number is defined by this
equation;
Re = ^ (5)
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Where Rg - Reynold's number, dimensionless
p= Density of the air, Ibm./ft.-^
V = Velocity of the air, ft./hr.
D = Diameter of the duct, feet
Viscosity of the air, Ibm./ft. - hr.
Pressure losses whicVi occur in various fittings in a pneumatic con-
veyinji system can be found using tlie following equations expressed by
Olson (23):
V_^
2g
2
APt ~ *^t ^C'tpsnsions
= Ke , for elbows
2g
KcAPc ~ 2g contractions
Where ^Pq, Pq ^^t = Pressure losses, lbs./ft.
Vi = Air velocity downstream from the fitting, ft./sec.
V2 = Air velocity upstream from the fitting, ft./sec,
p =Density of the air, Ibm./ft.^
g «= Acceleration of gravity = 32.2 ft./sec,^
Ke and Kf = Constants, dimensionless
experimentally determined coefficients for the various
situa tions.
Henderson and Perry (14) reported that the loss coefficient. Kg, for
an elbow of circular cross section is equal to 0.25. The radius of curva
ture of this elbow ranged from 2 to 8 times the diameter of its cross
section. For gradual contractions, Alden (1) reported that the value K^,
is about 0.04 to 0.06 for included angles of convergence of 45® or less.
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Pressure losses also occur at tees, or the junction of a branch
duct with the main duct. Figure 3 illustrates this condition. The loss
in tho main duct from point A to point C can be determined from this
equation given by Alden (1):
K1 V2p
Pj = (9)
Where Pj = Pressure loss, lbs./ft.^
V = Air velocity in the main duct at point C, ft./sec,
p= Density of the air in Ibm/ft.^
g = Acceleration of gravity = 32.2 ft./sec.^
Kj = Experimentally determined coefficient, dimensionlcss,
shown in Table 5.
Table 5. Kj for a 45° tee, and equal main and branch velocities
Volume in main
Volume in branch Coefficient Kj
Qm
Qb
1 0.20
2 0.17
3 0.15
4 0.14
5 0.13
6 0.12
7 0.11
8 0.10
9 0.10
10 0.10
The presence of material in a duct results in pressure losses in the
air*-stream. Stokes' law states that a certain force is exerted by a moving
32 b
MAIN
BRANCH
Figure 3. Schematic diagratn of junction of a branch duct with the main
ducts.
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fluid upon an object in that fluid stream. This force is exerted by the
molecules of air striking the material. The energy from which this force
is derived is expressed as the static pressure and the velocity pressure
of the air. This energy is dissipated as the material is conveyed through
a duct. This energy dissipation is expressed as a pressure loss, coming
from both the static pressure and the velocity pressure of the airstream.
A drop in the velocity pressure of an airstream manifests itself in a drop
in the air velocity. A drop in the static pressure results in the air
becoming less dense. The total pressure losses due to the presence of
material in the airstream have been determined by several experimenters,
and are expressed in the form of empirical equations.
GasterstSdt (11) has developed the following equation to determine
the pressure loss resulting from the presence of material moved horizon
tally in a duct:
ni =a(| + 1) (10)
Where m = Total pressure drop through a system handling
material in horizontal pipes, in. - H2O
a = Pressure drop through the system handling air only, in.-H2C
R = Ratio, pounds of material per pound of air
K = A variable that depends upon the velocity as noted
in Table 6, dimensionless.
GasterstHdt (11) developed an expression for the pressure loss re
sulting from the introduction of material into a stream of moving air.
This loss is derived from the force required to accelerate the material
from rest to the conveying velocity.
34a
Table 6. K for various air velocities
Velocity, feet per minute K
2000 1.15
3000 2.14
4000 3.11
5000 3.5
6000 3.5
m = 2.25 Rp
Where m = Pressure loss, in. - H2O
R = Ratio, pounds of material per pound of air
p = Velocity pressure of the moving air, in. - H2O
Most pneumatic conveying systems use a cycone collector at the end
of the duct to separate the particles from the airstream. The operation
of a cyclone collector has been explained by Henderson and Perry (14) as
follows:
"The air and material enter tangentially at the top
and descend with a circular motion described by an outer
vortex. The material is separated during the downward
descent, and the clean air ascends in a tighter vortex at
the center and is discharged."
Figure 4 illustrates the operation of a cyclone collector.
The pressure loss through a cyclone is very difficult to accurately
predict. Although this loss Is in some cases the major source of resis
tance against which the fan operates, in other cases the loss is much
smaller. The equations usually prescribed for the pressure loss through
a cyclone are of this form as reported by Alden (1);
Air
Inlet
Outer
Vortex
3Ab
Zone of Inlet
Interference
Inner
Vor-e€x
Outer
Vortex
Air Outlet
nner /
Vortex
/IK
Cone
Material
Outlet
Body
Inner
Cylinder
(Tubular
Guard)
Figure 4. Cyclone collector operation.
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H = Ch^ (12)
Where H = Pressure loss in the cyclone, in. - H2O
hy = Velocity pressure in the cyclone inlet pipe, in. - H2O
C is an experimentally determined coefficient. Published figures for C
have been found to vary from 0.21 to 6.44 for the same cyclone (1). Since
it is so difficult to accurately predict the pressure loss in a given
cyclone, the most one can usually hope for is a rough estimate of this
loss, suited to the particular situation.
Feeding devices for pneumatic conveying systems inject the material
into the airstream. They must at the same time provide a seal at the
material entry point so that pressure is not lost from the air-stream.
Alden (1) reported three conanon types of feeders: (1) gravity dump and
airlock, (2) rotary airlock, and (3) venturi feeder. These are shown in
Figure 5. The static pressure drop expected through the venturi feeder
shown in Figure 5 should be from 15 to 20 percent of the static pressure
of the delivery end of the tube.
Collins, Harris, and Burkhardt (8) investigated the characteristics
of a laboratory pneumatic conveying system conveying chopped alfalfa hay.
The system tested was described as follows:
Duct: Acrylic tube, 6.75 inches inside diameter, 50 feet long
Fan: Sturdevant No. 4 fan driven by 15 hp electric motor
Feeding devices: Rotary air lock and gravity feed
Alfalfa hay: Chopped two inches in length, 25-75 percent moisture
wet basis.
Gravity Dump
Feeder
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Ma teria1
Inlet
Venturi feeder
O
Rotary Air Lock
Figure 5. Types of feeders for pneumatic conveyors.
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The important results which they obtained were the following:
1. The distribution of hay In the pipe as it was conveyed varied
from the entry point to the discharge point. At the entry
point it was evenly dispersed. At the discharge point, less
than 10 percent of the hay was in the upper half of the cross-
sectional area of the pipe. This was true for all tests, with
the air velocity varying from 4600 to 6000 ft./min. and hay
rates of one and two tons per hour.
2. The material velocity varied sinusoidally, with the frequency
varying between four and eight cycles per second. Table 8
gives the results of the material velocity tests.
3. The rotary air lock proved unsuccessful for metering chopped
hay into the air stream. A gravity system was able to inject
up to two tons per hour of material.
4. The hay was accelerated from rest to a relatively constant
velocity in the first half of the conveying distance. This
acceleration was irregular, as evidenced by an irregular
pressure drop in the first half of the pipe.
5. The measured pressure drop in 25 feet of pipe was found to
closely agree with the loss computed using the Gasterstydt
equation, m = a (R/K + 1). These pressure drops are listed
in Table 7.
Harris, Felton, Burkhardt and Collins (13) investigated both labora*
tory and full-scale pneumatic conveying systems for chopped alfalfa hay.
The systems tirsted were described as follows:
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Table 7. Pressure drop for different flow rates and air velocities
Hay flow
rate
(tons/hr.)
Air velocity
(ft./min.)
Measured pressure drop
• (in. - H2O,
25 feet of pipe)
Calculated pressure drop
(in. - H2O,
25 feet of pipe)
1 4812 0.94 0.98
2 4602 0.95 0.99
1 5448 1.16 1.19
2 5163 1.06 1.19
1 5963 1.44 1.41
2 5911 1.24 1.47
Table 8. Average material velocity as it compares with air velocity and
section of the conveying pipe. Material rate - 2 tons/hr.
Section of pipe
Middle third
Lower third
Middle third
Lower third
Air velocity
ft./min.
5911
5911
5163
5163
Average material velocity
ft./min.
3700
2500
A200
2600
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Laboratory: Duct; Acrylic tube, 6.75 Inches diameter, 60 feet long
Fan: Sturdevant No. 4 driven at 3250 rpm by a 15
horsepower electric motor.
Feeding devices: Rotary air lock, gravity feed, and
enclosed auger conveyor
Hay: Chopped - 1/2 inch lengths, 50 to 72 perccnt
mois turc
Full scale: Duct: Sheet raetal pipe, 9 1/4 - , 12- ,
and 14-inch diameters. Length = 100 feet
Fans: Sturdevant No. 7 fan and Buffalo No. 27 fan,
connected in series.
Feeding devices: Forage blower, and belt conveyor
Hay: Chopped - 4 inch lengths, 30 to 50 percent
moisture
The important results from these investigations were the
following:
Laboratory system:
1. The forage blower was not effective in feeding hay into the
airstream. This was due to excessive back-pressure at the
material entry point which resisted the entry of the hay.
The belt conveyor was more effective in injecting the hay.
It injected up to 12 tons por hour of hay into the system.
2. Air velocities from 3600 to 6000 feet per minute were used.
Those were the velocities attained with zero rate of material
flow. The following equations were obtained, showing the
relationsliip between the rate of material conveyed and the
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air velocities.
R = - .0054V + .00054 V^, 9 1/4 Inch pipe (13)
R = - .0069V + .0069 V^, 12 inch pipe (14)
R = - .0105V + .0103 V^, 14 inch pipe (15)
Where R = Material rate, tons/hr.
Vi = Initial velocity with zero rate of material
flow, ft./min.
V = Conveying air velocity, ft./inin.
Moisture content had no effect upon the conveying
air velocity.
3. The pressure losses in the pipes were found to be a
function of the air velocity for a given material rate
of flow. This pressure drop consisted of the total
frictional losses due to air-pipe friction, material-
pipe friction, material-air friction, and air pressure
losses in the pipe. A summary of these pressure drops
is given in Table 9.
Flame Propagation and Heat Transfer
The combustion of a hydrocarbon fuel, such as propane (C3H8), occurs
when oxygen and the hydrocarbon arc mixed in certain ratios and ignited
by a heat source. Heat is released as a result of this chemical reaction.
The chemical formula describing this reaction is given as follows:
C3H8 + 5 O2 = 3 CO2 + 4 H2O (16)
This formula describes the combustion process when there is sufficient
oxygen present. If there is not, then some carbon monoxide (CO) is
41
Table 9. Pressure drops in pneumatic conveying of chopped alfalfa
Pipe diameter
(inches)
14
12
Hay rate
(tons/hr.)
Air velocity
(ft./min.)
Pressure drop in 50 ft
pipe
(in. - H2O)
2600 1.95
3100 1.65
3600 1.62
4100 1.78
4600 2.02
2900 0.95
3200 1.13
3500 1.40
3800 1.53
4100 1.58
2400 1.40
2800 1.50
3200 1.64
3600 1.83
4000 1.96
4400 2.06
also formed.
Since air is usually the source of oxygen in most combustion processes,
It would be helpful to write the combustion formula in terms of air. Clean
dry air at sea level is composed by volume of approximately 21 percent
oxy^^en (O2), 78 percent nitrogen (N2) and traces of other elements, pri
marily argon. Nitrogen is very difficult to oxidize and it essentially
takes no part in combustion. The combustion formula using air is the
following:
C3H8 + (5 O2 + 18.5 N2) == 3C02 + 4H20 + 18.5 N2 (17)
Table 10 gives some of the pertinent properties of commercial propane.
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The gross heat of combustion reported In Table 10 is that quantity
of heat released from combustion when the H2O in the combustion products
is in liquid form. However, for most combustion processes, the H2O that
results is in gaseous form. Therefore, the latent heat of vaporization
of the H2O would not be included in the heat of combustion. The heat
which results from the latter case is known as the net heat of combustion.
Katz (17) reports that the net heat of combustion for propane is 82,800
Btu/gal.
The combustion process for the horizontal fluidized dryer occurs
in an enclosed duct. The fuel, liquid propane, is injected into the
airstream through a nozzle. The liquid propane begins to vaporize as soon
as it leaves the nozzles, and mixes with the air providing a combustible
mixture. A flame is formed from this mixture as a result of an ignition
source providing the temperature necessary for ignition.
A flame in an enclosed duct produces profound changes in the air-
stream flowing through this duct. Combustion changes the chemical
composition of the entering air and propane. The heat released from the
combustion process raises the temperature of the products of combustion
above that of the entering air and propane. In some instances the air
flowing through the duct is not all utilized for combustion. That air
which is not used for combustion is known as excess air. The excess air
is influenced in two ways by the combustion process: (1) temperature
and volume changes are caused by heat transfer from the flame and products
of combustion, and (2) the composition of the excess air is changed due
to mass transfer processes between the excess air and the products of
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combustion. These mass transfer and heat transfer processes are inter
dependent and quite complex.
The presence of a flame in an enclosed duct affects the velocity
characteristics of the airstream flowing through the duct. Spalding (28)
illustrated the shape of a flame stabilized at the center of a parallel
sided duct, and the velocity distributions which result from the flame.
This is shown in Figure 6. Spalding (28) has qualitatively summarized
the influences of certain variables upon the combustion process. Table 11
shows this summary.
The design of a successful dryer involves the efficient utilization
of the heat of combustion to remove and evaporate water from the product.
This efficient utilization of the heat of combustion means that the heat
must be transferred to a carrying medium, which in turn transfers its heat
Unburned
Burned
Unburned
Figure 6. Flame shape and velocity distribution for flow in a duct
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to the product. The carrying medium is made up of the products of com
bustion and the excess air. In addition to evaporating the water, heat
is required to raise the temperature of the air, products of combustion,
water vapor, and leaves to their outlet temperature. Some heat will be
lost due to radiation and convection acting upon the dryer surfaces.
Another factor governing the utilization of the heat of combustion is the
efficiency of the combustion process. Figure 7 shows the flow diagram
of material and heat involved with the horizontal fluidized dryer.
The flow of heat through the dryer involves the in-flow of a certain
quantity of heat, and the out-flow of this same heat quantity.
Heat in:
1. Hi = Ha^ma + Hfi mf + H„t "VL
Where Hi = Heat in incoming air, fuel, and wet leaves,
Btu/min. Q t^
Hgi = Enthalpy of incoming air (3 ti, Btu/lbm.
lija == Mass flow rate of incoming air> Ibm./min.
Hfi = Enthalpy of incoming fuel t^, Btu/lbm.
mf = Mass flow rate of fuel, Ibra/min.
~ Enthalpy of incoming wet leaves, (5 t^, Btu/lbm.
m^^L ~ Mass flow rate of wet leaves, Ibm./min.
Assumptions: Temperature of incoming air, fuel, and leaves, all
equal to tj^. Dry incoming air is assumed.
2. H2 = He mf (19)
Where 83 = Heat released by combustion process, Btu/min.
He = Net heat of combustion of fuel, Btu/gal.
mf = Flow rate of fuel, gal./min.
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Assumptions: Complete combustion of the fuel is assumed, i.e.,
combustion efficiency « 100 percent.
Heat out:
3. H3 = nif (20)
Where H3 = Heat required to vaporize the fuel, Btu/min.
Hyf = Heat of vaporization of the fuel, Btu/lbm.
mf « Mass flow rate of fuel, Ibm./min.
4. H4 = ^pg " ^i) (21)
Where H4 = Heat in gases of combustion, Btu/min.
Cpg = Specific heat of gases of combustion, Btu/lbm, - op
to = Temperature of incoming products of combustion, °F
ti = Temperature of outgoing products of combustion, op
Hg ®Enthalpy of gases of combustion Q ti, Btu/lbm.
nig = Mass flow rate of gases of combustion Ibm./min.
Assumptions: The gases of combustion include CO2, N2» arid H2O,
their ratios depending upon the type of fuel used.
The specific heat, Cpg, is the average specific
heat of the gases over the temperature range, ti - t©
5. H5 = [Cpa (to - li) + Ha] mea (22)
Where H5 = Heat in excess air at the stack, Btu/min.
Cpa ®Specific heat of the air, Btu/lbm. -
Ha ® Enthalpy of air (3 ti, Btu/lbm.
™ea ~ Mass flow rate of wet leaves, Ibm./min.
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Assumptions; Excess air is that air included in the incoming
air flow which is in excess of that required for
combustion. Cp^ is the average specific heat for
the temperature range ti--to'
6. Hj =[Cpi, (212 - ti) + (23)
Where = Heat in wet leaves @ 212*^?, Btu/min.
CpL ~ Specific heat of wet leaves, Btu/lbm. -°F
212°F = Saturation temperature of water vapor
= Enthalpy of wet leaves @ t^, Btu/lbm.
mLw ~ Mass flow rate of wet leaves, Ibm./min.
Assumption: Wet leaves are at the moisture content of fresh-cut
alfalfa leaves.
CpL is the specific heat of the wet leaves, including
both dry matter and water, and is the average specific
heat over the temperature range t^ to 212*^F.
7- H7 = (24)
Where H'y = Heat required to evaporate water from the leaves,
Btu/min.
= Heat of vaporization of water, Btu/lbm.
my = Mass flow rate of water evaporated from leaves, Ibm./roin.
Assumptions: The mass of water evaporated from the leaves, m^,, is
found as follows:
. ^ (My/ - Mj)
mw j^oo ^ ^
Where Olw ~ Mass flow rate of wet leaves, Ibm./min.
= Moisture content, wet basis, of wet leaves,
percent.
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= Moisture content, wet basis, of dry
leaves, percent.
8. Hg = (H„2 - "wl) K (26)
Where Hg = Heat required to superheat the water evaporated from
the leaves from 212°F to t^, Btu/min,
H^2 ~ Enthalpy of water vapor (3 to, Btu/min.
H„1 = Enthalpy of water vapor @ 212'^F, Btu/min.
my = Mass flow rate of water evaporated from the leaves,
Ibm./min.
9. Hg = hcA- (t(j - tg) (27)
Where Kg = Convective heat loss from the dryer surface, Btu/min.
hj, = Convective heat transfer coefficient, Btu/min. - ft.^ - op
A = Surface area of the dryer, ft.^
t^ = Temperature of the dryer surface, °F
tg = Temperature of the surrounding atmosphere,
Assumptions: The temperature of the dryer surface is considered
the same for all the surfaces.
The heat transfer coefficient, h^, can be calculated
using equations presented in Chapman (7).
Either of two types of convection, and thus, two
different values of h^ can exist.
(1) Free convection, in which case the surrounding
air is still, i.e., wind velocity =0; or (2)
forced convection, in which case the surrounding
air is moving, i.e., wind velocity >0.
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"a " - Ta^) <28)
Where Hjo = Radiant heat loss from the dryer surfaces, Btu/min.
-R
tf" = Stefan-Boltzmann constant = .1714 x 10 hr.-ft.2 -
C= Emissivity of the dryer surface, dimensionless
A = Area of the dryer surface, ft.^
Td = Absolute temperature of the dryer surfaces, OR
Ta =Absolute temperature of the surrounding atmosphere, °R
Assumptions: The emissivity, € , and the temperature, are both
considered constant over the entire dryer surface.
The surrounding atmosphere is assumed to be a black
body (6 = 1), and that it absorbs all of the radiated
heat from dryer surface.
When the sum of the components of the heat in is equated with the
sum of components of the heat out, the following equalities exist.
Heat in Heat out
H„L = "wL (29)
Hai ma + Hfi mf = Hg liig + ha mgg (30)
The above quantities may be cancelled,. The balance may then be
written:
He raf = Hyf mf + (Cpg mg + Cpg Aea)(to " ^i) +
CpL "KtfL <212 - ti) + (H„v + " ^wl) +
hcA (td - ta) +^ (Td^ - Ta^) (31)
Equation 30 states that the heat contained in the in flowing air and
fuel is equal to the heat contained in the outgoing products of combustion
and excess air, where all the components have a temperature of t^. The
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total heat flow rate into the combustion chamber is equal to the total heat
requirements for drying a certain flow of wet leaves.
The rate of heat transfer from the hot gases and flame to the material
in the drying chamber is much more difficult to determine. An equation
of the form of equation 27 describes the convective heat transfer to the
material from the hot gases. The film coefficient h^ is the most difficult
of the variables to determine. Radiant heat transfer from the flame to
the leaf is described by an equation similar to equation 28. A much more
complicated equation than equation 28 would be required since additional
variables would be introduced: shape factors, areas, and the emissivities
of the material and of the flame. Since no alfalfa was actually dried
during this study, the rates of heat transfer to the material have not been
developed.
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DESIGN AND CONSTRUCTION OF EQUIPMENT
Designing the equipment involved taking the theoretical and empirical
equations and the experimental recommendations thus far presented, and
applying these criteria to the specific situation presented by the horizon
tal fluidized dryer. The configuration for the dryer, as originally
conceived, is shown in Figure 2.
The design calculations were divided into two sections: (1) pneu
matic conveying and (2) combustion chamber and associated heat transfer
characteristics.
Pneumatic Conveying
The pneumatic conveying design calculations were the basis for the
selection of:
1. Duct diameter and length
2. Cyclone type and size
3. Fan type and capacity
A. Type of feeding device
These items of equipment were selected such that alfalfa leaves
could be pneumatically conveyed by air alone. It must be understood that
the presence of flame in the duct alters the conveying characteristics
of the dryer. It was assumed that if the leaves could be conveyed by air
at atmospheric temperature, then the heating of the air by the flame would
improve the conveying characteristics. This improvement would result from
the increased velocity of the air due to its expansion and from the turbu
lence imparted by the combustion process. Therefore the performance of a
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system which supplies enough air for conveying at atmospheric temperature
should be improved by combustion within the conveying duct.
Duct diameter and length
The air velocity required for pneumatic conveying was computed using
several different methods as outlined in the theoretical considerations
section of this thesis.
Alden's (1) recommendations for the air velocity required to convey
material similar to alfalfa leaves were listed in Table 4. Velocity range:
3500 to 7D00 fc./min.
Harris, Felton, Burkhardt, and Collins (13) used air velocities
varying from 3600 to 6000 ft./min. to convey chopped alfalfa hay.
In low pressure pneumatic conveying systems, the static pressure
deviation from atmospheric is very small compared to the atmospheric
pressure. Therefore, volume changes due to air density variation in the
duct may be ignored. Therefore with a given air velocity and volume rate
of flow, the cross-sectional area of a duct to accomodate the air flow
may be calculated by dividing the volume flow rate by the velocity.
Required air volume rates of flow depend upon the desired flow rate
of the material conveyed. In order to calculate the air volume rate
required for the horizontal fluidized dryer, it was necessary to determine
the capacity of the dryer in tons/hr. of wet leaves. The capacity of the
dryer was matched to the capacity of the leaf stripper. Ayres and Buchele
(4) proposed a harvesting system which used a leaf harvester 10 feet in
width, with an effective field capacity of 2.91 acres/hr. For alfalfa
yielding about 4 tons per acre of wet whole plant material per cutting,
the leaf harvester, which harvests about 35 percent by weight of the total
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plant, will have a capacity of about 4 tons/hr. of wet leaves. The design
of the dryer, and of its pneumatic conveying characteristics, was based
on this capacity.
Alden's (1) recommendations for air flow rates were given as
follows:
35 - 50 ft.^ of air per pound of material conveyed, @ the lower
velocity in Table 4.
15 - 20 ft.^ of air per pound of material conveyed, @ the upper
velocity in Table 4.
It was decided to use 40 ft.^ of air per pound material as the maximum flow
rate, and 20 ft. of air per pound material as the minimum flow rate. The
flow rate range which results is then: 2667 to 5333 cfm.
Harris, Felton, Burkhardt, and Collins (13) used 9 inch diameter
and 14 inch diameter pipes for conveying chopped alfalfa hay. From the
velocity range used, the volume flow rates were calculated for each pipe
size.
9 inch diameter pipe, V = 6000 ft./min., Q = 2650 cfm.
14 inch diameter pipe, V = 3600 ft./min., Q = 3850 cfm.
Table 12 shows the eummary of the velocities and volume rates cal
culated, and the resulting duct size.
The horizontal dryer must not only convey the material, but must dry
it. This requires maximum exposure of the material to the drying medium.
The larger duct sizes provide for more air volume per unit of material, so
the 14 inch diameter duct was chosen for the dryer. xhe following air
flow rate and velocity were selected for use in the design of the dryer;
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Table 12. Summary of recommended pneumatic conveying air flov rates
Source
Alden (1)
Harris, Felton, Burkhardt,
and Collins (13)
Air velocity
(ft./min.)
3500
7000
3600
6000
Air volume rate
(cfm.)
5330
2670
3850
2650
Duct
diameter
(in.)
16.75
8.4
14
9
Q = 5000 cfm.
V = 4680 ft./rain, in 14 inch diameter pipe
The duct length is a parameter which is dependent upon the length
of time required for drying, the velocity of the material conveyed, and
physical limitations of the overall size of the dryer. These parameters
were to be determined from the work done on this project. The duct length
selected was about 50 feet, with the duct in sections so that varying
lengths could be used.
The ducting was 14 inches in diameter, and in 6 foot sections.
The material was 16 gauge galvanized steel. Eight sections were obtained,
making a total length of 48 feet. Figure 8 shows this ducting.
Cyclone collector
A cyclone separator was next selected. Material such as alfalfa
leaves require a cyclone which has a long cone and a short cylinder.
This is because alfalfa leaves are relatively small and light particles,
and require a long separating distance. On the basis of the air volume
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ma
Figure 8. 14 inch diameter ducting.
Figure 9. Cyclone collector.
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rate requirement and on the recotnmendations from M-E-C Company,* the
following cyclone was selected:
Long Cone Model Collector, Model 3001-60
Dimensions: Total height - 13 feet, 2 1/8 inches
Cylinder width - 60 inches
Cylinder height - 24 inches
Cone height - 10 feet, 8 1/8 inches
Inlet diameter - 14 inches
Material outlet diameter - 14 inches
Stack diameter - 29 1/2 inches
Figure 9 shows this cyclone.
Fan type and capacity
The selection of a fan requires not only its air volume rate out
put, but also its static pressure capacity at this air volume rate. The
static pressure drops expected in the original dryer configuration.
Figure 2, were determined for each source of pressure drop:
1. Pressure loss in line and fittings
a. Section B: Initially, it was assumed that the fan
outlet would be circular, 14 inches in diameter, and
that its transition with the fan results in no
pressure loss. Assumed length for section B: 10 ft.
Ap a: fLfV^
^^la 2D g
Where f = Friction factor, dependent upon Rp^
*M-E-C Company, Neodesha, Kansas. Information on design of cyclone col
lectors. Private communication. 1968.
59
Re = (5)
Where f = .075 @ 700F
V = 78.0 ft./sec. = 278,000 ft./hr.
D = 1.17 feet
^ j= ,044 Ibm./ft. - hr.
R. = = 554.000
f = .013
L « 10 ft.
g = 32.2 ft./sec.^
A Pia = .77 lb./ft.2
b. Section C-90° elbow, 14 Inches diamter, radius of
curvature = 3.5 feet.
Plb =^ (6)
Where K = .25, for elbows, radius of curvature = 2 - 8D
V = 78 ft,/sec.
f=' .075 Ibm./ft.^
g - 32.2 ft./sec.2
A Plb = 1.72 lb./ft.2
c. Section D-14 inch pipe, 7 feet long; using equations
4 a nd 5 .
APic = .54 lb./ft.2
d. Section G-14 inch diameter pipe - 48 feet long; using
equations 4 and 5.
Pld = 3.85 lbs./ft.2
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2. Pressure loss due to material in pipe
a. Entrance and acceleration loss
AP2a = 2.25 Rp (11)
Where R = Ratio, pounds material per pound air
(4 tons/hr.)(2000 Ib./ton)
~ 500 f t .^/min.) ( .075 Ibm. / ft (60 min. /hr.
R = .356
P ~ Velocity pressure = 6.92 lbs./ft.2 (3 V =
3680 ft./min.
^ ^23 5.54 lbs./ft.2
b. Pressure loss in section G due to the presence of material
AP2b =a (I +^ (10)
Where a = Pressure drop through system handling air
alone = 3.85 lbs./ft.2
R = .356
K = 3.5, Table 6
A P2b = ^-23 lbs./ft.2
The pressure drop due to the material in the system was also
calculated from the recommendations of Harris, Felton,
Burkhardt, and Collins (13). Equation 15 was used to cal
culate the air velocity with material in the airstreara.
R = - .0105 V + .0103 (15)
Where R = 4 tons/hr.
Vi - 4680 ft./min.
V = 4170 feet per minute
The pressure drop in 50 feet of 14 inch pipe at this air
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velocity is about 1.6 in. - H2O, from Table 11.
A{Pib + i"- - H20)(5.19 lbs./ft.2/in. -
H2O) = 8.3 lbs./ft.2
This compares with the total pressure drop using the
GasterstSdt equations of:
A[Pib +P2b]= 9.77 lbs./ft.2
This larger pressure drop was used in calculating the total
pressure drop.
3. Pressure loss in cyclone
AP3 = Chv (12)
Where C = Constant, assume C ~ 2.0 for the long cone collector
(1)
hy = Velocity pressure of inlet = 6.92 lbs./ft.2
@ A680 ft./min.
AP3 = 13.84 lbs./ft.2
Total pressure drop in system, Pj
A =^Pia + ^ Plb + APla + ^^2b + ^ P3
(32)
A Pt = '54 lb./ft.2 + 1.73 lbs./ft.2 + .771 lb./ft.2 +
5.54 lbs./ft.2 + 4.23 lbs./ft.^ + 13.84 lbs,/ft.2
APx 26.65 lbs./ft.2
o 1 in. ~H20Apt = (26.65 lb./ft.2) 5.19 lb./ft.2
4PX = 5.14 in. - H2O
Certain assumptions were made for the calculations of the pressure
drops. Incompressible flow was assumed. The pressure loss in the cyclone
was made using assumptions most susceptible to doubt. The air velocity
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at the inlet while conveying leaves will probably be less than the velocity
of free air which was assumed. The constant C used for calculating the
cyclone pressure loss is also subject to doubt. Alden (1) also reported
that this constant was found to vary from .21 to 6.44 for the same cyclone.
This pressure loss is the highest of any of the other losses. Since
variation is very likely in this pressure loss, its magnitude will pro"
foundly affect the rest of the conveying system.
An outlet air volume rate of 5000 cfm. and a pressure drop of 5.14
inches of water were the basis for the selection of a fan. The fan type
selected was a centrifugal fan with radial blades. This type of fan is the
one most applicable for low pressure, high velocity conveying systems,
because of its high air volume output. The fan selected was the Clarage
XL-115 industrial fan. Its fan curve indicated that its capacity would
be sufficient for this conveying operation. At an air volume rate of
5166 cfm., it would produce a static pressure of 5 inches of water
at 1344 rpm and 8.11 horsepower. A Wisconsin gasoline engine was used
to power this fan. It produced 20 horsepower of 2,800 rpm. A gear
reduction unit on this engine of 2.07 to 1 would result in a shaft output
velocity of 1350 rpm. By varying the speed of this engine the output
of the fan was varied. Figure 10 shows the fan and motor as a unit.
Feeding device
On the basis of the recommendations of Harris, Felton, Burkhardt,
and Collins (13), it was initially decided to use an auger injector
for feeding the material into the air stream. The auger and hopper used
are shown in Figure 11. This auger was attached to the 14 inch duct
horizontally at a 45° angle with the 14 inch duct.
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A forage blower was also used as a feeding device. This was attached
to the lA inch duct as shown in Figure 12. It was powered by a tractor
through a belt pulley drive. The tractor and forage blower combination
are shown in Figure 13. To facilitate entry of the material, a flow
nozzle was placed in the 14 inch duct just prior to the material entry
point. Figure 14 shows a diagram of this nozzle together with its
installation in the duct.
Combustion Chamber and Heat Transfer
Burner design
The main factor that was determined with respect to the combustion
chamber design was its heating capacity in Btu/min. This determination
involved finding the quantity of heat required to dry the alfalfa leaves
together with the anticipated losses.
Equation 31 was used to find the total heat requirement. The cal
culations together with the assumptions made are presented as follows:
^c ^f ~ Hyfmf + (Cpg mg + ^Pa ^ea)(^o " ^i^
Sl - ti) + (H„v + H„2 - Kl) + hc^
(td - ta) (Td^ - Ta'') (31)
Assumptions: Incoming material temperature, t^, is assumed to be
TO^F. Outgoing or stack temperature, Iq is assumed
to be 300°F.
He = 82,800 Btu/gal. of propane, propane @ 70°F.
Flow rate of fuel, mf, is assumed to be 2.0 gal./min.
propane (? 70®F.
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Figure 10. XL-115 Fan and Wisconsin engine
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Figure 11. Auger injector connected to 14 inch duct.
Figure 12. Forage blower injector.
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Figure 13. Tractor and forage blower
d la.
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Material from forage
blower
\;.A
Top view
10" dia
Flow nozzle
Side View
Material
Inlet
Figure 14. Diagram of flow nozzle and material inlet.
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Hyf = 785 Btu/lbm. of propane
riif ~ (2 gal./min,)(^*24 IbWgal.) = 8.48 Ibm/mln.
Cpg = 0.266 Btu/lbm. °F, for the temperature range,
70 -- 300^
Cpa = 0.243 Btu/lbm. °F, for temperature range,
70 -- 300OF
CpL = 0.9 Btu/lbm. °F, for temperature range,
70O -- 212°F
The mass flow rate of the gases of combustion depends upon the rate
and type of fuel used. For the combustion of one pound of propane with
100 percent theoretical air, approximately 16.6 pounds of gases of com
bustion - N2, H2O, and CO2 - are produced.
nig - (8.48 Ibm. of propane/min.) (16.6 Ibm. of gas/lbm. of propane)
TDg = 141.0 Ibm. of gas/min.
It is assumed that the incoming air includes 100 percent theoretical
air for combustion plus 200 percent excess air. For the combustion of one
pound of propane 15.6 pounds of air are required.
m ea
m ea
= (15.6 Ibm. of air/lbm. of propane)(8.48 Ibm. of propane/min.)
(200)
100
= 265 Ibro. of excess air/min.
The material capacity of the dryer was assumed to be 4 tons/hr.
of wet leaves.
• = (4 tons/hr.)(2000 Ibm./ton)
" (60 min./hr.
liiLy; ® 133.3 Ibm. of wet leaves/min.
H„v ~ 970.3 Btu/lbm. of water evaporated @ 212®F
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^ 1192.8 Btu/lbm. of water evaporated @ 300°F
= 1150 Btu/lbm. of water evaporated <a 212<^F
The quantity of water to be evaporated depends upon the moisture
contents of the wet leaves and the dry'l/taves.
. mi.M (Mui ~ Md)
^ - 100 ^
Where my = Mass flow rate of water evaporated, Ibm./min.
= 133.3 Ibm, of wet leaves/min.
M„ = Moisture content of wet leaves = 75 percent, wet
basis
Md = Moisture content of dried leaves = 15 percent,
wet basis
- (133.3)(75 - 15)
^ 100
- 80 Ibm. of water evaporated/min.
Equation 27 was used to find the convective heat loss from the
dryer.
Hq — ^ci ^i (^s ~ ^a) (27)
^ i == 1
Assumptions:
= Area of 48 feet of 14 inch duct = 176.4 ft.^
A2 ~ Area of cyclone collector, square feet = 134.5 ft.^
t_ = Average temperature of surface area of the dryer assumed
to be 300*^F
h^j =Convective heat transfer coefficient, Btu/min. - ft.^ - °F
A wind velocity of 20 mph. was assumed to be blowing at right angles to the
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14 inch duct.
he was calculated for the condition of forced convection in flow
normal to single tubes, as presented by Chapman (7). The equations
necessary for this analysis are the following:
Nud^ khci = ^ (33)
Nup^ = C (Reoi)*" (34)
Where: h^, = Convective heat transfer coefficient,
Btu/hr. - ft.^
Nuj)j= Nusselt number for diameter D^, dimensionless
k = Conductivity of the air at the mean film
temperature, t^j^, Btu/hr, - ft. - ^
Di - Diameter, feet i = 1 for duct
i = 2 for cyclone
Reot Reynolds number of the air flow past the duct.
=
p = Air density (§ Ibm./ft."'
yu = Dynamic viscosity of the air at t^, Ibm./ft. - hr.
V = Velocity of the air, ft./hr. = 20 mph. = 105,600
feet per hour.
C and m are coefficients whose values depend upon the value of Rep^
^ ta + ta 300 + 70 otin 2 - 2
k = .018 Btu/hr. - ft. - °F (a tm
j» = .062 lbm./ft.3 @t^
f*= .051 Ibm./ft. - hr. @ tin
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Two values of Rep and thus two values of h^. must be determined since
the diameters of the duct and of the cyclone are different.
D| = 14 inches = 1.17 feet
D2 =3.4 feet, average diameter of the cyclone
_ <.062)(105,600)(1.17) ^
Rej)i - .051 i:>u,uuu
^ (•062)(1Q5,600)(3.4) ^
For both Rejj]^ and ReD2 ^ ~ .0239, m= .805
Nupi = .0239 (150,000)•®°5
Nuq2 ~ 351
QAC
Nuu2 = -0239 (436,000)-°''^
Nuu2 = 829
hci = 5.40 Btu/hr. - ft.^ - op = .090 Btu/min. - ft.^ - °F
hcp = 829 <'018) ^ ^ Btu/hr. - ft.2 -
^ 3.4
= .073 Btu/min. - ft.2 -
Hg = .090 (176.4)(230) + .073 C134.5)<230)
Hg « 3651 + 2258 = 5909 Btu/min.
Equation 28 was used to find the radiant heat loss from the dryer.
HlO =-eT - Ta") (28)
Where assumed = .3
= .1714 X 108 Btu/hr. - ft.2 - (OR)^
A = 176.4 + 134.5 = 310.9 ft.^
Td = 300 + 460 = 760 OR
Tg = 70 + 460 = 530 ^R
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(.3^f .1714^ niO.9)
"lO " 60
530\^
100/
HlO ~ Btu/niin.
Using the assumptions made, the heat balance values were calculated.
Heat in Heat out
(Btu/min.) (Btu/min.)
(82,800) (2) = 185 (8.48) + .266 (141.0) + 243 (265.0) (500-70)
+ 0.9 (133.3)(212 - 70) + (970.3 + 1192.8 - 1150) (80)
+ 5909 + 637
165,600 - 1569^23^437 + 17,036 + 81 ,048 + 5,909 + 637
165,600 > 129,636
Thus using the assumed flow rate of propane of two gallons per
minute, a greater quantity of heat is made available from combustion
than is actually needed to dry the hay and provide for losses. Since the
heat losses may vary, and may be greater if the dryer surface temperature
is higher than that assumed, the assumed value of mf = 2 gal./min. will
be used for designing the burner apparatus.
The assumption that 200 percent of excess air was provided for burn
ing two gal./min. of propane would require a fan output of 5,290 cfm.
This compares favorably with the fan output of 5000 cfm. calculated to be
required for the pneumatic conveying purposes.
The selection of the burner equipment was made on the basis of a
maximum liquid propane flow rate of two gal./min. and from recommendations
by Phillips Petroleum Company.
The liquid propane burner system, components in order of their installa
tion from the storage tank to the burner (Figure 15) are;
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1. Pump unit, including: liquid propane pump delivering 20-40
psi. above storage tank pressure, Corken by-pass value,
0-300 psi. pressure-gauge.
2. Minimum of 50 feet of 3/4 inch black steel pipe.
3. Valves and fittings at the dryer control unit, including:
0-300 psi pressure gauge
Globe value, for manual on-off control
Relief valve
Fisher 667A-DMV control valve, for automatic and/or manual
control of fuel flow rate.
4. Valves at the dryer duct, including:
Relief valve
Atkromatic solenoid valve, for automatic on-off control
5. Burner nozzle: Phillips Petroleum Company designed and provided
three different burner nozzles with these specifications:
One center hole handling 70 percent of the fuel flow.
Three outer holes @ 120° apart handling 30 percent
of fuel flow.
The offset of the outer three holes from the center
hole was varied among the three nozzles. This would
provide three different flame patterns.
Heat release = 10 million Btu per hour at a pressure
of 20 psi above storage tank pressure. A propane
flow rate of 2.0 gal./min. provides this heat
release.
Sheet metal cone surrounding the nozzle with 1/4 inch
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holes drilled around the periphery of the cone.
This cone provides for rapid air-fuel mixing
at the burner. (See Figures 16 and 17)
The original recommendations from Phillips Petroleum Company included
a pilot lighting system for the main liquid burner. This system used pro
pane gas vapor drawn, from the top of the storage tank. The vapor was
to be mixed with air inside a 3/4 inch pipe combustion chamber and ignited
with a spark plug. The flame from the combustion chamber was intended to
extend through about seven feet of 3/4 inch pipe which was attached to
the burner cone. This flame would ignite the liquid propane as it flowed
out of the burner nozzle. The pilot burner arrangement is illustrated
in Figure 18. The purpose of the square corner was to provide a sub
stantial static pressure difference in the air flowing from the blower
to the pilot burner nozzle. This pressure difference would be necessary
so that air would flow through the 3/8 inch copper tubing in sufficient
quantities to mix with the propane gas for combustion of the pilot flame.
By adjusting the damper plate the pressure difference could be varied.
The reason for having the small diameter (6 inch) duct and its
companion transition to the 14 inch duct was to provide the necessary air
velocity past the burner. By adjusting the position of the burner cone
in the transition, the air velocity past it could be varied. Additionally,
the turbulence of the air flow past the burner and thus, air-fuel mixing
increased due to the pressure of the transition piece.
Control apparatus
The apparatus necessary for automatic control of the drying process
should have two main functions; (1) safety, and (2) temperature control.
76a
Figure 16, Burner nozzle and mixing cone
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Figure 17. Design drawings of burner nozzle and mixing cone,
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1. The main function of a flame safeguard system is to prevent
the flow of fuel into the combustion chamber in the event
of a flame failure during the running cycle, an ignition
failure during an attempt to start the burner, or failure
of the fan to provide air for proper combustion. Addi
tionally, the system should program the entire operation
of the burner.
The Honeywell flame safeguard system was selected
for performing this first function. This system was
comprised of the following components listed with their
functions:
a. RA138A Protectoglo Electronic Flame Safeguard. This
is an electronic panel composed of the necessary
switches, relays, amplifers and transformers for
receiving signals from the operational monitors
and sending out the appropriate response. Figures 19
and 20 show the electronic circuit, and the R4138A
installation.
b. C7012E Ultra-Vision Flame Detector. This device
monitors the presence of flame in the combustion
chamber. It is wired to the R4138A, and in case of
flame failure, it activates the necessary relays to
result in fuel shut-down.
c. Static 0-ring pressure switch. This device monitors
the operation of the fan. A pressure tap at the
outlet of the fan is connected to the pressure
Figure 19. R4138A electronic flame safeguard
Figure 20. R4138A installation with dryer.
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switch. In case of fan failure, the switch sends
a signal to the R4138A which in turn shuts off the
fuel flow.
d. Ignition Transformer. This device provides the
electrical energy to the sparkplug to provide for
flame ignition. The transformer is also wired
through the R4138 and responds to the appropriate
signal sent from the electronic safeguard.
Automatic fuel flow shut-off is provided by the
inclusion of the Atkromatic solenoid values in the
fuel lines. These valves are wired to the R4138 and
respond to the appropriate signal sent from the
electronic safeguard.
The safeguard system employs an on-off switch for
burner start-up. It also features a purge timer which
allows for the fan to run for a certain time period
before burner start-up to purge the system of any
unburned gases. In case of the failure of any electronic
component in the R4138A, the fuel flow is automatically
shut off. Figure 21 shows how this system was to be
integrated into the dryer operation.
2. The function of the temperature controller in the drying
process is to adjust the flow of fuel to maintain a rela
tively constant temperature of the exhaust gases. The
Foxboro Model 43A Pneumatic Controller was selected to
perform this function for the horizontal fluidized dryer.
1, Flame sensor
2, Solenoid valve
3, Liquid propane line
A. Propane vapor line
5. Spark plug
6. Ignition transformer
7. RA138A
8. Static 0-ring switch
9. Copper tube
6-wire
2-wire
2-wire
110 V
power
supply
81
Figure 21. Flame safeguard system wiring schematic.
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The operation of this controller includes the following
steps.
a. The controller is preset for a desired stack
temperature.
b. A sensing device in the stack senses the temperature
here and the controller receives this information.
c. A difference between the actual temperature and the
preset temperature results in a pneumatic signal
sent out by the controller.
d. This air signal is received by the Fisher 667A
Control Valve. The air signal controls the opening
of the valve, and thus the amount of fuel flow.
e. The change in fuel flow is reflected by a temperature
change in the dryer.
Although the temperature controller was obtained,
use was not made of it during the work on this project.
Construction of Equipment
The ductwork, fan, and cyclone were assembled during June 1968.
The ducting between the fan and the 14 inch diameter pipe was constructed
according to the recommendations from Phillips Petroleum Company as shown
in Figure 18. Angle iron and aluminum supports were constructed to hold
the 14 inch duct at the height necessary to horizontally enter the cyclone
collector. The duct and cyclone arrangement are shown in Figure 22.
The square corner ducting arrangement presented a major departure
from the originally conceived ducting system. Figure 2. It would appear
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that a subBtantlally greater pressure loss would occur through the square
corner than that which was predicted for the rounded elbow. Theoretically,
for an air flow of 5000 cfm, the pressure drop around a square corner
would be the following:
4 Pe = Ke (6)
Where APe = Pressure drop, lbs./ft.2
Kg = Constant = 1.25 (14)
V = Velocity in 10 inch pipe = 153 ft./sec.
f = Density of air, assumed = .075 Ibm./ft.^
g = 32.2 ft./sec
A Pe = 34.1 lbs./ft.2
= 6.57 in. - H2O
This loss is greater than the total loss allowed for the entire system
In the design of the blower. Measured pressure drops around this square
corner, shown in the results, verified this situation.
Unsuccessful attempts to inject alfalfa leaves with the auger and
to pneumatically convey them with the square corner ducting demonstrated
further that the pressure losses using the square corner reduced the
energy of the air beyond the point necessary for pneumatic conveying.
It was therefore decided to change the corner ducting so that a
lesser pressure drop would result. A 9 inch diameter with a radius
of curvature equal to 3.5 feet was obtained to replace the square corner.
The six inch diameter pipe was also replaced by a 10 inch diameter pipe.
A 10 inch to 14 inch diameter transition duct was obtained to connect the
10 inch pipe with the 14 inch duct. Figure 23 shows this new arrangement.
84
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Figure 22. Dryer duct and cyclone installation.
Figure 23. Rounded corner ducting arrangement
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This ducting arrangement was different from that shown in Figure 2
with respect to the 9 inch and 10 inch diameter pipes from the blower
to the 14 inch diameter dryer duct. The departure from the original design
conception was done for two reasons; (1) availability of the smaller
diameter elbow, and (2) desirability of placing the burner in the transi
tion duct to obtain better fuel-air mixing.
The presence of the 9 inch and 10 inch diameter ducting affected the
pneumatic conveying characteristics of the system. An increased pressure
drop through the smaller diameter ducts and the transitions would be
expected. This is in comparison with the original design in Figure 2.
The pressure drop through the modified ducting system as shown in
Figure 24 was calculated using equations 4, 6, 7, and 8 assuming 5000 cfm.
air flow rate. This drop was found to be 2.66 in. - H20,
f pV^L
p = ^7^ w
P, = (6)
® 2g
= Kt (V2^ - Vl^)
2g
(7)
Be = (8)
This compares with the loss of about 0.6 in. - H2O that was calculated
for the original system. The pressure losses which were determined for the
modified ducting system substantiated the calculated pressure losses»
Both the auger injector and the forage blower injector were used
in conjunction with the modified ducting system to convey chopped alfalfa.
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On the basis of the anticipated higher pressure losses in the modi
fied ducting, and from the results of tests performed it was decided that
a larger fan was needed. A Clarage XL-119 fan was selected. At 5096 cfm,
this fan was rated to support a static pressure of 10 inches of water
at 1273 rpm, with a power requirement of 11.91 horsepower. Figure 25 shows
this fan coupled with the Wisconsin engine. The only change in the duct
ing was the shortening of the 10 inch vertical duct to accomodate the
larger fan.
Additionally, the transition duct between the fan and the 10 inch
duct was enlarged at the fan end to fit the larger fan outlet opening.
Figure 26 shows this change in the transition section. Pressure and
velocity data were taken for the system using this larger fan.
The burner apparatus including the pilot burner and main burner
systems were next assembled according to Phillips Petroleum's recommenda
tions, Figures 15 and 18. The completed burner apparatus was assembled
together with the modified ducting and the larger XL-119 fan. The liquid
propane line components are shown in Figures 27, 28, and 29.
Figure 30 shows the pilot burner components together with the Ultra-Vision
Flame Sensor location. Figure 31 gives an overall view of the burner
apparatus as assembled at the dryer.
Attempts were made to light the pilot burner, and all were futile.
The main reason seemed to be that insufficient air was obtained to support
combustion. The duct modifications which were made to improve the
pneumatic conveying aspects of the dryer seemed to be the reason for the
insufficient air supply to the pilot burner. The smaller pressure drop
88
Figure 25. XL-119 Fan.
3
Figure 26. Transition duct used with XL-U9 Fan
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through the 9 inch diameter, 90° elbow, as compared with the square corner
arrangement, resulted in less air being forced through the 3/8 inch tubing
to the pilot burner. Closing the damper plate did not increase the air
flow sufficiently to provide for adequate combustion.
An auxiliary air source, an air compressor, was used to supply air
to light the pilot burner. This also failed to produce a steady pilot
flame extending through the full length of the pipe. It was finally
decided to eliminate this pilot burner system from the dryer and to seek
some other method of lighting the main burner.
An attempt was made at lighting the main burner using an acetylene
torch. A flame was successfully propagated in the dryer duct, but it
was not a steady flame. Its nature resembled a series of explosions. The
fuel flow was regulated by adjusting the degree of opening of the Fisher
667A DMV Control Valve. This valve was opened and closed pneumatically
through a pressure fitting in the valve regulator. For this particular
test, the air line from a portable air compressor was attached to the
pressure fitting. The valve could not be held at any one setting using
this arrangement, due to pressure variations from the compressor. This
resulted in an uneven flow of ftiel to the main burner. Since the fan was
operating at a constant speed, uneven fuel-air mixing occurred, which in
turn resultt^d in the vineven combustion.
Efforts were next concentrated upon solving some of the problems
encountered with the burner, and upon gaining more knowledge about the
characteristics of this particular combustion chamber. In order to do
this, the fan and ducting were reassembled as shown in Figure 32. A
90
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Figure 27. Liquid propane pump unit
3,
Figure 28. Pipe between pump and dryer
Figure 29. Valves and fittings at the dryer control unit»
Figure 30. Pilot burner line, main burner line, and flame sensor.
I36
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Figure 31. Complete burner assembly at the dryer
94
spfclal lonK-eleccrode spark plu^- was mounted in the transition duct as
shown in Figure 33. This spark plug was fired by an ignition transformer,
and provided the ignition source for lighting the liquid propane burner.
The fuel line components were the same as those shown in Figure 15. A
handwheel attachment for the Fisher 667A DMV Valve could be used to
manually open and close the valve, and to fix the degree of opening at
any desired setting. The control valve with the handwheel is shown in
Figure 34.
The ultra-vision flame detector was mounted on the transition duct
so that is would sense the flame in the duct. This mounting, together
with the fuel line arrangements, is shown in Figure 35. The wiring system
for the new burner configuration was the same as that shown in Figure 21,
except for elimination of the pilot solenoid valve.
The 14 inch diameter duct sections in varying lengths were attached
to the transition duct. Figure 36 shows four-six feet sections in position
Three duct sections totaling 18 feet were also used in the combustion
chamber tests.
95
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Figure 32. Fan and ducting arrangement for burner tests
Figure 33. Spark plug in transition duct
Figure 3A. Fisher control valve and handwheel; installation in burner
control unit.
Figure 35. Flame sensor and propane line.
97
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Figure 36. 14 inch diameter duct installation
for burner tests.
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EXPERIMENTAL PROCEDURE
Pneumatic Conveying
The work done in testing the pneumatic conveying aspects of the
dryer was primarily that of investigating the static pressure losses and
air velocities in the various duct configurations. Tests were also per
formed upon the auger injection device, and upon the effectiveness of the
various duct configurations in conveying alfalfa leaves and chopped whole
alfalfa.
Instrumentation
Pitot tubes were used to detect the static pressures and velocity
pressures in the duct. Figure 37 shows the pitot tubes used for this
study. A water-filled, U-tube manometer was used to measure the pressures
detected by the pitot tubes.
Turbulent air flow in a duct has a variable velocity distribution
across the cross-section of this duct. In order to accurately measure
the mean velocity of the air in the ducts, it was necessary to take velo
city readings at several locations in the cross-section, and to average
them. The pitot tube detects the impact pressure of the moving air in the
duct. The velocity pressure is then this impact pressure minus the static
pressure of the air. The procedure for calculating the air velocity from
the velocity pressure is outlined in Appendix A. Also shown in Appendix A
is the pitot tube traverse used to find the average velocity in the duct.
Figure 38 shows a typical pitot tube installation in the duct, together
with the manometer.
Figure 37. Pitot tubes-.
Figure 38. Pitot tube and manometer installation«
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A balance scale was used to weigh the alfalfa used in testing the
auger injector and the pneumatic conveying capacities of the dryer.
Moisture contents of the alfalfa were determined using a scale and an oven
to dry the alfalfa.
Ducting; confifiurations
The first ducting configuration tested, together with the points at
which pressure readings were taken, is shown in Figure 39. Attempts were
initially made to convey fresh alfalfa leaves harvested using Ayres (3)
stripper. The leaves were conveyed to the auger hopper using an elevator.
Two difficulties were encountered during this test. The auger frequently
stalled due to the leaves wedging between the auger screw and the housing.
The leaves were injected into the 14 inch duct in the form of a compressed
mass of material. This material was not conveyed through the 14 inch duct
due mainly to an insufficient air velocity. Tests were next performed
to determine the static pressure losses and air velocities in the ducting.
The ducting was then modified and air velocity and static pressure
were measured at various points In the ducting as shown in Figure 24.
Attempts were also made to convey chopped whole alfalfa hay using the modi
fied ducting and the auger injection system. The main problem encountered
in these testa was the difficulty in Injecting hay into the duct. The
static pressure of air at the auger Injection point caused the hay to be
blown back out of the auger. The auger also frequently stalled due to hay
wedging between the auger screw and the housing.
Tests were conducted to determine the capacity of the auger in convey
ing chopped whole alfalfa Viay. Chopped whole hay was used instead of leaves
because the leaf stripper was inoperable and greater quantities of
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material could be more easily obtained using a flail-type forage chopper.
The auger was separated from the duct for the auger capacity tests. A
certain quantity of hay was weighed, and the time necessary for this quant
ity of hay to pass through the auger was recorded. Various auger speeds
and motor sizes were used to find the combination which conveyed the most
hay. The moisture content of this hay was also determined.
A forage blower was next used to inject hay into the duct. This
blower was placed directly below the injection point. A length of 7 inch
diameter blower pipe and a 90® elbow provided the conduit through which
material was blown into the 14 Inch duct. A device used in conjunction
with the forage blower was a flow nozzle placed in the 14 inch duct just
upstream from the material entry point. Chopped whole alfalfa hay was
used as the material for the conveying tests. The following data were
taken for the conveying tests.
Hay quantity into system, lbs.
Hay quantity out of system, lbs.
Time, minutes
Moisture content of hay, percent, wet basis
Air velocity and static pressures, in, - H2O
The XL-115 fan was then replaced with the XL-119 fan. Static pressure
losses and velocities in the duct were measured using this larger fan. The
duct system remained the same as that shown in Figure 24^ No hay was con
veyed with the larger fan since the tests were conducted in October 1968,
when no hay was available.
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Combustion Chamber and Heat Transfer
The combustion and heat transfer characteristics of the horizontal
fluidized dryer were determined with the fan duct and burner apparatus
separated from the cyclone collector. The effect of varying combinations
of air flow and fuel flow upon the temperature of the exhaust gases was
determined. The gas temperature variations at different locations along
the duct length were also determined. Radiation and convection losses
from the duct as the burner was operating were calculated using measurements
Instrumentation
The flow rate of liquid propane was measured using a Schutte and
Koerting glass tube flow meter. The location of the flow meter in the
liquid propane line was at a point immediately upstream from the Fisher
667A DMV Control Valve. The flow meter was mounted in parallel with
the fuel line as shown in Figure 40. This configuration was necessary
so that the initial surges of fuel would not flow through the flow meter
and possibly damage it. The lines connecting the flow meter to the fuel
line were flexible hose so that the flow meter was isolated from any
vibration. Figure 41 shows the flow meter. The measurement read from the
flow meter was the vertical position in mm. of the float in the glass tube.
A conversion chart furnished by the Schutte and Koerting Company was used
to convert the mm. reading to the flow rate in gal./min. The conversion
chart was based on liquid propane, specific gravity = .509, at 60°F.
The air flow rates from the fan were measured using the pitot tubes
and manometer described in the pneumatic conveying section of the experi
mental procedure. The pitot tubes were mounted in the 14 inch duct as
Flow
meter
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1/2" Globe
Valve
1/2"
globe
valve
To control valve
and burner
j,
1/2"
pipe
1/2" globe valve
From liquid
propane pump
Figure 40. Liquid propane flow meter connection arrangement.
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Figure 41. Liquid propane flowmeter
Figure 42. Pitot tubes installed in 14 inch duct.
108
shown in Figure 42. The mean velocity of the air was obtained using the
procedure outlined in Appendix A,
The temperatures of the exhaust gases flowing in the 14 inch duct
were measured using a chromel-alumel thermocouple connected with a
recording potentiometer. The thermocouple assembly included an Inconel
steel protection tube surrounding the thermocouple. Additionally a sheet
of aluminum foil was wrapped around the thermocouple protection tube to
reduce the effects of flame radiation upon the measured temperature. The
reference junction of the thermocouple circuit was placed in an ice bath.
The components of the thermocouple circuit are shown in Figures 43, 44,
and 45. The tJi^mocouple assembly was installed in the 14 inch duct so that
the protection tube and thermocouple extended eight inches into the duct,
at a right angle with the duct axis. This installation is shown in Figure
46. The thermocouple was calibrated with the recording potentiometer
and this calibration procedure is outlined in Appendix 6.
The duct wall temperatures were measured using copper-constantan
thermocouples connected with a potentiometer. Figures 47 and 48 show
these Instruments. The thermocouple was fastened to the duct wall surface
using a small sheet metal screw to position the thermocouple junction
against the outside duct wall. A copper-constantan thermocouple was also
used to measure the temperature of the air upstream from the burner. The
ambient air temperature was measured using a conventional mercury thernotn*
eter. The wind velocities were determined from the weather station at the
Agricultural Engineering Research Center, the site of the tests.
109
Figure 43. Chrome1-alumel thermocouple assembly,
f.
Figure 44. Recording potentiometer
110
Figure 45. Ice bath container used for reference Junction.
Figure 46. Chrome1-alumel thermocouple installed in 14 inch duct
Ill
Figure 47. Copper-constantan thermocouple installed on duct surface*
Figure 48. Potentiometer for copper-constantan thermocouple,
112
Burner test procedure
Figure 49 shows the complete burner apparatus and measurement points
The steps carried out for a typical test run were as follows:
1. The fan was set at each of the speeds used for the tests,
and the mean air velocity determination in the 14 inch duct at
position b for each of the settings was carried out.
a. Storage tank valves opened, liquid propane pump started.
b. Main switch on R4138A closed, red lamp on, purge timer
operates during a pre-set period of time for the fan
to clear the combustion chamber of unburned fuel.
c. Purge time completed, green lamp on, ignition switch
closed to activate spark plug.
d. Manual fuel valves opened. Fisher 667A DMV cracked open.
e. Start button pressed, solenoid valve opens to allow fuel
to flow into the combustion chamber,
f. Flame ignited, C7012E detects flame, white lamp on,
start button released.
2. Fuel flow diverted through flowmeter. Fisher 667A DMV set for
desired flow rate of fuel. Fan set at speed for desired air
flow.
3. Temperature of exhaust gases measured at positions b, and
c in the duct length.
4. Temperature of the incoming air measured at position 5, temper
atures of the duct wall surface at positions 1, 2, 3, and 4
measured.
5. Ambient air temperature measured.
113
6. Steps 3 through b repeated for different fuel flow and fan
speed settings.
7. To stop burner, press stop button, open ignition switch.
Solenoid valve closed, red lamp on. Allow blower to
operate to clear the combustion chamber.
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RESULTS
Pneumatic Conveying
The results from the air velocity and static pressure tests using
the various duct configurations are summarized in Table 13. The static
pressures and air velocities reported for tests 1, 2, 3, 5, 6, 7 and 8
were measured at the centerline of the duct cross-section. Since the air
velocity was expected to vary across the cross-sectional area, the center-
line velocity was probably higher than the mean air velocity. The static
pressures for tests 4 and 9 at positions 1 and 2 are the means of a three-
position pitot tube traverse. The static pressure and velocity at position
3 are the means of data taken from a five-position traverse. Appendix A
explains these traverses.
Although no material was present in the duct during these tests,
the various injector devices were connected to the material inlet. The
auger injector was connected for tests 1, 2, 3, and 4. The blower injector
was connected but not operating for tests 5, 6, and 9. For tests 7 and 8
the blower injector was connected and operating at 1000 rpm. The flow
nozzle was positioned in the 14 inch duct for all the tests using the
blower injector.
The data obtained from the auger injector tests are summarized in
Table 14. The results from the pneumatic conveying tests are summarized
in Table 15.
The rounded corner ducting arrangement with the XL-115 fan was used
for the pneumatic conveying tests. Chopped, whole alfalfa hay at moisture
contents ranging from 67 - ,74.2 percent, wet basis, was the material used.
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Table 14. Summary of auger injector tests
Test
no.
No load^
auger
speed
(rpm)
Conveying rate of
chopped alfalfa hay
(tons/hr., wet weight)
Moisture content, wet basis,
of chopped alfalfa hay
(percent)
I 390 .395 55
2 390 .712 55.8
3^ 390 .938 58.3
4 390 .873 58.7
5 390 .964 57.4
6 390 .957 50.5
7 650 ,660 55.2
8 650 .560 64.5
1/3 horsepower electric motor was used to drive the auger,
^he auger was almost stopped completely during test No. 3.
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The fan speed for all the tests was 1350 rpm.
The absence of data in tests 1 and 2 was due to the difficulties in
injecting hay. Both these tests were failures because of the air blowing
back through the material entry points. This condition prevented the
injection of the hay, and thus resulted in no hay being conveyed.
Combustion Chamber and Heat Transfer
The results from the tests conducted upon the burner and the
combustion chamber apparatus, referring to Figure A9, are summarized in
Table 6. The following conditions apply to the tests listed in
Table 6,
1. Thermocouple protecting tube - unshielded for tests 1, 2,
3 and A; thermocouple protecting tube - shielded with
aluminum foil covering for remainder of tests.
2. Dry incoming air is assumed for all tests.
3. Air velocity measurements; Five-position traverse used for
tests 1-7. Six-position traverse used for tests 13 and 14.
Twelve-position traverse used for all other tests. All air
velocities measured at position b in duct (See Appendix A).
Air volume rates found by multiplying mean air velocity
by duct cross-sectional area.
4. Exhaust gas velocities: Calculated from velocity pressures
using specific weight of air (3 temperature measured at
position a.
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5. Due to variations in the propane pressure the fuel flow
measurements had the following variations:
0.5 gal./min. + .01 gal./mln., 2 percent;
0.625 gal./min.,+ .015 gal./min., 2.4 percent;
0.75 gal./min., + .02 gal./min., 2.7 percent
6. Fan speed measured with tachometer, error in measurement
= + 10 rpm.
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DISCUSSION
Pneumatic Conveying
The data obtained from the pneumatic conveying tests were rather
limited. This was due mainly to the time involved in making the
modifications upon the system components. Most of the time was spent in
constructing and reconstructing the dryer components and in testing the
effects of the various modifications upon the conveying air characteristics
As a result, little work was accomplished in actually conveying material
through the dryer.
The static pressure and air flow rate in the 14 inch duct for tests
1 and 2 were considerably below the design requirements for conveying
four tons/hr. of leaves. The tests performed upon the rounded corner
ductwork showed a considerable increase in the air static pressure and
velocity as compared with the square corner ductwork. By running the
forage blower along with the XL-115 fan, the static pressure at position 3
was almost doubled as compared with the tests in which the XL-115 fan was
operated alone. The air velocity was also improved with this
additional air source.
The larger XL-119 fan resulted in further increases in the air
velocity and static pressure in the 14 inch duct. This was operated with
out running the forage blower, so an improvement in the conveying air
characteristics would be expected by running the forage blower.
The auger conveyor was capable of conveying only one ton/hr. of
chopped hay. It was therefore replaced with the forage blower.
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The major difficulties in conveying hay were inadequate injection
of hay and insufficient air velocity for conveying the hay. The results
from tests 4 and 5 in Table 15 showed that only a portion of the material
injected was collected at the outlet of the cyclone. The missing material
had settled in the 14 inch duct, and was not conveyed.
The material used in the conveying tests was chopped whole alfalfa.
Alfalfa leaves, being less dense and having more surface area than stems,
should be conveyed more easily than whole alfalfa consisting of both
stems and leaves.
An additional factor to be considered is that propane combustion
will be taking place in the duct when the dryer is operating. The
combustion process will result in exhaust gases with greater turbulence
and velocity, thus improving the conveying characteristics of the drying
medium
Combustion Chamber and Heat Transfer
The data presented in Table 16 were obtained from a situation
in which the propane flame was directed down a straight, horizontal duct,
with the products of combustion and excess air exiting from the open
end of the duct. The selection of the various parameters measured was
made with the intent that these parameters reflect the adaptability
of the dryer to drying alfalfa leaves. Since alfalfa was not available
at the time the tests were performed, no attempts were made to dry leaves.
The data from tests 1-7, although somewhat limited, include one
important parameter that was missing from the other tests. This was the
velocity of the exhaust gases in the duct as combustion was taking place.
124
The accuracy of these measurements was questioned after the following cal
culations were performed:
rf>l (Qa fa) +
Where m^ = Mass flow rate of entering air and fuel, Ibm./min.
Qa = Air flow rate of the incoming air, cfm.
j>a ~ Density of the air at the incoming air temperature
Ibm./ft.^
ibf = Mass flow rate of the fuel, lbm,/min,
*2 = (Veg) ( peg) (A)
Where A2 = Mass flow rate of the exhaust gases, Ib^./inin.
Veg = Measured velocity of the exhaust gases, ft./min.
f*eg ~ Density of air at the measured temperature
of the exhaust gases, Ibm./ft.^
A = Cross-sectional area of the duct, ft.^
Theoretically should equal 102, since the total quantity of products
entering the combustion chamber should equal the quantity leaving the
chamber. When ihj and ^2 were calculated for each of tests 1-7, was
found to exceed ra2 by from 15 to 50 percent. This would mean that a
smaller quantity of products was exiting the duct than was entering. Since
the measurements used in calculating mj were assumed to be fairly accurate,
m2 must be in error. The sources of error in the measurements of the
parameters used in calculating m2 were expected to be the following:
1. The determination of Vgg involved measuring the velocity
pressure of the gases, and calculating the velocity in
ft./min. from the velocity pressure (See Appendix A),
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The density of the fluid involved in this calculation depended
upon the temperature of the fluid. An error of about + 5 percent
was expected in the measurement of the temperature. At a meas
ured temperature of 600®F, + would be the error. The
fluid density variation resulting from this temperature
variation would be about 2.7 percent. The fluid density is also
involved in calculating the flow rate, m2• The total percent
error that could be expected was about 3 percent of the calcu
lated flow rate.
2. The measurement of the velocity pressure was the other source
of error. This error would be the explanation for the remainder
of the 15-50 percent variation between mi and m2.
Difficulty was experienced in measuring the velocity pressure of the
exhaust gases because of the fluctuation of the water column of the mano
meter, This fluctuation seemed to be due to the gas velocity fluctuations
in the duct as combustion was occurring.
It was therefore decided to not attempt any more exhaust gas velocity
measurements. Additionally, the high temperatures of the fluid may have
affected the performance of the pitot tube in detecting velocity pressures.
The aluminum foil shielding added to the thermocouple assembly hsd
an effect upon the measured temperature. The temperatures measured with
the unshielded thermocouple at position a in tests 1, 2 and 3 were 17.5,
10, and 5 percent higher, respectively, than the corresponding temperatures
measured in tests 5, 6, and 7 with the shielded thermocouple. The reason
for this variance in temperature measurement seemed to be that the aluminum
foil covering, with an emissivity of 0.03, reflected most of the radiated
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heat from the flame, and the thermocouple temperature would be higher due
to this additional heat absorption. Since the gas temperature was desired,
the aluminum foil covering was used for the remainder of the tests to
minimize the effects of flame radiation.
The inlet air velocities were measured for each fan speed setting
prior Co lighting the flame. The flame was then Ignited and the fan
speed was set at the speeds used for the velocity measurements. The inlet
air velocity was not measured during flame propagation because the duct
between the fan and the burner was not long enough to ensure accurate
velocity measurements. It was assumed that the inlet air flow rate for a
given fan speed was the same whether or not combustion was taking place.
The fan speed settings were selected so that the intervals between
the air volume rates were approximately equal. The air volume rates were
found to vary directly with the fan speed. Tests 8, 9, and 14 through 20
utilized three fan speeds which were at equal intervals. Figure 50 shows
the relationship between exhaust gas temperature and fuel flow rates for
the various fan speed selections. The positive slope of the temperature
curves indicated the increased heat of combustion released with the
increased fuel flow rates. The vertical position of the various curves
Indicated the decrease in the temperature as the air flow rates were
Increased. The distance from the burner at which the temperatures were
measured also had an effect upon the gas temperature. For all tests except
for test 8 the temperature was higher at position b than at position a.
Two conditions were expected which affected the gas temperature as it
moved through the duct.
1200
1100 -
1000 •
900 -
Temperature
to
800 -
700
600 -
500 ^
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O Fan speed = 556 rpm
• Fan speed = 700 rpm
A Fan speed = 845 rpm
Position a
Position b
0 11
0.625
—I
0.750
Figure 50.
0 0.500
Propane flow rate
mf (gal./min.)
Temperature vs propane flow rate for various air flow rates
and positions in duct.
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1. The temperature of the gases is decreased as the gases
move toward the outlet end of the duct due to convection
and radiation losses from the duct wall.
2. As the combustion gases move away from the vicinity of the
flame, they mix with the excess air resulting in an overall
decrease in the temperature of the mixture.
These conditions do not explain test 8 in which the temperature at position
a was higher than that at position b. This was probably due to the error
in temperature measurement.
The operation of the static 0-ring pressure switch associated with
the flame safeguard system presented limitations in the selection of fan
Speeds. If the fan was operated below 556 rpm the pressure switch would
remain open. It was then impossible to start the burner since the
pressure switch must be closed in order that the electronic circuits
operate to open the solenoid fuel valve. The fan speeds resulted in air
volume rates which provided more excess air than was assumed in the initial
design of the burner and combustion chamber. The percent of excess air
for each test is shown in Table 16.
The fuel flow rates used in the burner tests were below the flow
rate selected in the initial design. The initial work done in lighting
the riame in the 14 inch duct revealed that there were limits to the
quantity of fuel which could be burned in this particular combustion
chamber configuration.
Combustion depends not only upon an adequate air supply, but upon
the air velocity past the burner. If the air velocity is high as compared
with the velocity of the fuel flowing from the burner nozzle, the air may
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flow past the fuel flowing from the burner nozzle without adequately mix
ing with the fuel, and incomplete combustion will result. This seemed
to be the situation in the 14 inch duct. Figure 51 shows the flame in the
duct. For most of the tests the flame was yellow in color, indicating a
rich fuel mixture with the air. This was the case even though the fan
was supplying as much as 1000 percent excess air. The size of the duct
dictated the air velocity, and the 14 inch duct presented a limitation
as to the maximum amount of fuel which could be burned.
The length of the flame depended upon the fuel flow rate and the
inlet air flow rate. At the higher fuel flow rates and lower air flow
rates, the flame extended through the entire 24 foot length of the duct.
As the air flow rate was increased and the fuel flow decreased, the
resulting flame was shortened, perhaps only six feet long. The flame
tended to be pulsating for all the tests, that is varying in length. This
was perhaps due to the variation in fuel flow which existed.
Equation 35 was used to calculate the quantities of heat flow in and
out of the combustion chamber.
Hcf nif = mf + Cpg meaXto " ti) + h^, A(td - tg)
60 '^^ d^ - + Hyf mf (35)
Where: mf » Heat of combustion, Btu/min.
mf = Heat of vaporization of propane, Btu/min.
(Cpg ™ea)(to ' *-i) ~ Sensible heat of the
exhaust gases, Btu/min.
bcA (t<j - tg) = Convective heat loss, Btu/min.
(Tjj^ - Tg^) =Radiant heat loss, Btu/min.
lib
Figure 51. Flame in 14 Inch duct.
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This heat balance is similar Co that described in equation 31, except that
those heat components attributed to drying alfalfa were not included in
equation 35. These parameters -- t^, t^, m£, and tj -- are listed in
Table 18.
The temperature of the exhaust gases, t^, is the temperature measured
at position a. The temperature of the duct, t^j is the average of the
temperatures measured at positions 1, 2, 3, and 4.
The assumptions concerning the rest of the parameters are listed
under equation 31 in the Design of Equipment section of the thesis. The
results from the heat balance calculations for the burner tests are
shown in Table 19.
The heat released by combustion should theoretically be equal to the
heat out from the combustion chamber. The results in Table 17 show that
the heat out varied from 13.3 percent less than to 8.1 percent more than
the heat in. This error could be expected within the capabilities of
the instruments used. An additional factor contributing to the error was
that the combustion efficience may have been less than 100 percent. This
seemed to be true since the flame was yellow in color. Indicating insuffi
cient air for combustion, and possibly some unburned propane.
One of the problems encountered while operating the burner was
occasional flame blow-out. This phenomenon occurred on days when a strong
wind was blowing past the outlet end of the duct. As the burner was
operating, the flame was extinguished for brief moments. One explanation
for this phenomenon may have been that the wind blowing past the duct
caused variations in the air flow through the duct, thus upsetting the
combustion process. Another factor which may have contributed to the flame
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blow-out was uneven flow of fuel through the burner nozzle. A layer of
carbon had built up on the nozzle and the burner cone as a result of the
combustion. After the nozzle was cleaned, the flame blow-out did not
again occur.
Difficulties occasionally arose in initially lighting the burner.
When the start button was depressed and the fuel flow initiated, the duct
would fill with the propane-air mixture before ignition took place. A
brief explosion would occur, and would result in a rapidly fluctuating
air pressure in the duct. This pressure variation caused the static
0-ring pressure switch to open and close rapidly thus closing down the
flame safeguard circuit and shutting off the fuel flow. This problem was
solved by inserting an L-shaped copper tube in the pressure switch line,
so that the switch would detect the velocity pressure from the fan output,
rather than the static pressure.
The spark ignition source used for burner starting may have caused
some of the difficulties in maintaining stable flame in the duct. The
spark plug was located approximately one foot from the burner nozzle.
Since liquid propane was flowing from the nozzle, it had to vaporize and
mix with the air in order that a combustible mixture result. Since the
spark plug was so close the the burner, a combustible fuel-air mixture
may not always have been present in the vicinity of the ignition source.
Ignition of the fuel-air mixture may then have ceased, resulting in flame
blow-out. The spark plug perhaps should have been located farther down
stream from the nozzle. A more favorable situation for flame ignition
might be the use of a small pilot burner to light the flame.
13A
The operation of the ultra-vision flame sensor was affected by the
use of the spark plug. Although the sensor was intended to detect only
the flame, it was found to sense the presence of the spark plug. Thus
the flanie safeguard circuit continued in operation even though a flame
was not present in the duct.
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SUMMARY AND CONCLUSIONS
The horizontal fluldlzed dryer was designed and constructed and the
tests conducted upon the operation of the dryer were in two areas: pneu
matic conveying, and combustion chamber and associated heat transfer.
The pneumatic conveying tests mainly involved measuring air pressure
losses and velocities for various duct and fan configurations. The duct
modifications were made to decrease the pressure losses so that sufficient
air velocity was available to convey alfalfa leaves through the duct. An
auger injector and a forage blower were tested to determine their ability
to inject material into the duct. Limited tests were performed in inject
ing and conveying chopped whole alfalfa hay through the dryer ducting and
cyclone.
Tests were conducted upon the burner and combustion chamber
apparatus involved in the horizontal fluidized dryer. The temperature of
the gases in the dryer duct were measured for various fuel and air flow
rates. The duct surface temperature was also measured in order to deter
mine the heat losses which occurred during the operation of the burner.
This investigation did not result in a fully operational dryer;
rather pneumatic conveying and combustion chamber design were considered
separate from one another. The investigation of these two areas yielded
results which gave indications as to capability of the horizontal fluidized
dryer in drying alfalfa leaves; that is, can a flame extending through a
circular duct result in a drying medium which both conveys the leaves and
dries them?
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The specific conclustona which resulted from the investigations
are as follows:
1. Chopped whole alfalfa was successfully injected into the
14 inch duct using the forage blower in conjunction with
the flow nozzle at the material inlet point. Alfalfa
leaves should be more easily injected than chopped whole
alfalfa.
2. Limited tests indicated that 1/2 ton of chopped hay per
hour was pneumatically conveyed through the 48 foot
length of 14 inch diameter duct, using the XL-115 fan
as the air supply. The large XL-119 fan provided a
larger air velocity than the XL-115 fan, and should
pneumatically convey a greater rate of material than
resulted with the smaller fan.
3. The temperatures of the gases resulting from the com
bustion of propane in the 14 inch duct, ranging from 454°?
to 1428°F, indicated that a drying medium was present
which would dry alfalfa leaves in a matter of a few
seconds.
4. The exhaust gas velocities measured, exceeding 5000 ft./tnin,
indicated that the drying medium should successfully convey
alfalfa leaves through the duct,
5. The convective and radiant heat losses from the duct were
minor with respect to the total heat input from the com
bustion process. The heat losses shown in Table 17 were
from the surface of the 24 feet length of straight duct.
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The heat losses would be greater with the addition of the
cyclone collector to the dryer.
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SUGGESTIONS FOR FUTURE RESEARCH
The future development of the horizontal fluidized dryer should
include the following work:
1. Injection of alfalfa leaves into the dryer duct as the
flame is operating. This should be done to determine
the effects of the alfalfa leaves upon the combustion
process.
2. Investigation of the operation of the burner with the
cyclone collector attached to the outlet end of the duct.
3. Drying alfalfa leaves in the horizontal fluidized dryer
as completely assembled. These tests should include
work to determine the length of dryer duct needed to
dry the leaves to the desired moisture content, approxi
mately 15 percent, wet basis.
4. Incorporation of the Foxboro 43A temperature controller
with the dryer. This should be done so that the drying
process is automatically controlled.
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APPENDIX A
Calculation of Air Velocities from Pitot Tube Readings
The air velocities in the ducts were calculated using the following
equation:
V=60\/
V w/g
Where V = Air velocity, ft./min.
5.2 = Conversion factor, lb./ft,2/in. - H2O
V.P».* Velocity pressure, in. - H2O
w = Specific weight of air, lb./ft.3
g = Acceleration of gravity, ft./sec.^
Several pitot tube traverses and the corresponding calculation of the
mean air velocity were used, as shown in Figure 52.
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Duct
Ri = .408 R
R2 = .707 R
R3 = .913 R
Centerllne reading: Velocity @ position 1
Three-position traverse: Mean velocity = (2Vi + V3 + V4)/4
Five-position traverse: Mean velocity = (2Vi + V3 + V4 + V9 +
Vlo)/6
Six-position traverse: Mean velocity + (V2 + V3 + V4 + Vg +
V9 + Vio)/6
13
Twelve-position: Mean velocity = ( -> Vi)/12
i = 2
Figure 52. Diagram of pltot tube traverse positions.
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APPENDIX B
Chromel-alumel Thermocouple Calibration with Recording Potentiometer
A Foxboro chrorael-alumel thermocouple assembly was used for measuring
the gas temperatures inside the 14 inch duct during the burner and com
bustion chamber tests. A Beckman type EIS dynograph was used to record the
output from the thermocouple. The electrical output from the thermocouple
was transferred into the trace movement on recording paper by the dyno
graph. In order to correlate this trace movement with temperature, the
thermocouple was placed in an ice bath and the dynograph trace was zeroed
on the recording paper. The thermocouple was then placed in boiling
water. The deflection of the dynograph trace which resulted from the
temperature difference, was then recorded. The thermocouple was then
placed back in the ice bath, and the resulting trace deflection was again
recorded. This procedure was repeated several times, and the average
trace deflection for the tests was found. The resulting calibration data
are as follows;
Amp and preamp setting: 1.0 millivolt per cm trace
Reference temperatures: Ice bath, Tj^ = 32^F
Boiling water, T2 = 212°F
Temperature difference: T = 180°F
Average dynograph trace deflection: D ~ 36.6 mm
1 ftOOFCalibration constant: ^ = 49.0°F/mv
The instruction manual accompanying the thermocouple indicated that
a linear relationship between millivolt output and temperature exists
for the temperature range, 100 - 1500°F. It was therefore assumed that
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the calibration constant, 49®F/niv, would be applicable to the temperature
measurements taken during the burner tests.
In order to test this assumption, tests were conducted in which the
Foxboro thermocouple was used to measure temperatures in a heat-treating
furnace. This furnace had a thermocouple and thermostat that were used
to maintain a constant temperature. The measured temperature was compared
with the thermostatically controlled temperature to check the accuracy
of the Foxboro thermocouple and the previously determined calibration
constant. The results of these tests were as follows:
Table 18. Thermocouple and potentiometer calibration
Measuring device
Test no. 1® 2^ 3^ 4^W
Foxboro thermocouple and 712 1452 1464 1414 1331 1433.4
dynograph
Thermostat and thermocouple 800 1500 1500 1500 1500 1500
^Foxboro thermocouple placed in an ice bath (a 320F for each test
and the Dynograph trace zeroed. Thermocouple then placed in
furnace and the trace deflection recorded when trace leveled off.
^Foxboro thermocouple allowed to cool to approximately 500*^ and
then placed back in furnace.
Two conclusions were made from these tests:
1. For the most accurate temperature measurements, the thermo
couple should be referenced at a known temperature, i.e.,
ice bath (5 32®F, before placing the thermocouple in the duct.
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2. For tests 2, 4, and 5, the average temperature difference
between the thermostat and the Foxboro thermocouple was
67®F. This is 4.7 percent of the total temperature measured.
This amount of error was acceptable for two reasons.
a. The dynograph amp and preamp setting for the tests was
10 mv/cm. The resulting temperature difference for
each millimeter width on the recording paper was 49®F.
The trace movement was read to the nearest millimeter;
therefore an error in reading of + 24.5°? would be
possible.
b. The thermocouple installed in the furnace and connected
to the thermostat was also a chromel-alumel thermocouple.
The accuracy of the thermostat setting as compared with
actual temperature in the furnace may be no better than
the accuracy of the Foxboro thermocouple. Additionally,
the fact that the two thermocouples were at different
positions in the furnace may have contributed to the
variance between their measurements.
The procedure used for measuring the combustion chamber temperatures
(Table 16) was as follows;
1. Dynograph amp and preamp were set at 5 mv/cm. The calibration
constant for this setting is then equal to 24.5°F/mm.
2. The thermocouple was placed in the ice bath, and the dynograph
trace was zeroed when the temperature stabilized at 32°F.
148
3. The thermocouple was next placed in the 14 inch duct. A
time of from 10 to 15 minutes was required for the tempera
ture of the thermocouple to stabilize with the gas temperature
4. The trace movement in mm was recorded. The temperature
corresponding to this trace movement was then:
T = 32°F + (trace movement, mm)(24.5)
